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Before tidal stream energy is exploited, tidal power resource and environmental assessments 
must be undertaken. This thesis explores limits to power extraction for tidal sites defined by 
a strait between an island and landmass. Numerical simulations provided by Fluidity are 
used to analyse power extraction from locations in the strait and around the island for an 
idealised island-landmass domain and an actual coastal site. 
The numerical model is verified by comparing predictions with analytical solutions for 
inviscid flow past a circular cylinder located in the centre of a channel and in the vicinity of 
a wall. The model is then validated against laboratory measurements of flow patterns for 
impulsively-started flow past a submerged circular cylinder, and for flow past a surface-
piercing circular cylinder in oscillatory laminar shallow flow.  It is demonstrated that the 
numerical method captures satisfactorily the mechanisms of early wake formation, which 
indicates the model can be applied to assess tidal stream resource within the coastal 
geometries considered herein. Finally, the methodology to account for power extraction is 
satisfactorily verified for bounded and unbounded flows. 
Contrary to current practices, results from a parameter study for different idealised coastal 
sites reveal that the maximum power extracted in the strait is not well approximated by either 
the power extracted naturally at the seabed or the undisturbed kinetic power. Moreover, an 
analytical channel model underpredicts the maximum power extracted in the strait due to its 
inability to account for changes in the driving head resulting from power extraction and flow 
diversion offshore of the island.  An exception is found for islands with large aspect ratios, 
with the larger dimension extending parallel to the landmass; i.e. the island-landmass 
geometry approaching that of a channel. In this case, the extracted power is satisfactorily 
approximated by the power naturally dissipated at the seabed and there is good agreement 
with the analytical model.  The maximum power extracted in the strait is shown to decrease 
when water depths offshore are greater than in the strait, underlining the importance of fully 
understanding the wider bathymetry of a given site.  A similar conclusion is reached when 
strait blockage is reduced. The power extraction in the strait is found to be sensitive to both 
viscosity and seabed friction, and these parameters need to be properly estimated during the 
setup and calibration of models in order to reduce uncertainty.  Power extraction increases 
when turbines are sited simultaneously both in the strait and offshore. 
Tidal power assessment is performed for Rathlin Sound, off the coast of Northern Ireland.  
Again, no clear relationship is found between maximum power extracted in the strait and 
iii 
 
either the power dissipated naturally at the seabed or the undisturbed kinetic power. A 
similar ratio of power extracted to undisturbed kinetic power is obtained as for the equivalent 
idealised model.  The analytical channel model underpredicts the maximum power extracted.  
The actual and idealised coastal site models indicate similar responses to changes in seabed 
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“A la orilla de la chimenea, a esperar que suba la marea” 




The link between carbon emissions and climate change [1], the finiteness and price volatility 
of fossil fuels [2] [3], and the security of supply and diversification of energy sources are 
several reasons why over recent decades there has been increasing interest in development of 
low carbon and renewable energy technologies.  Take up of renewable energy in the power 
sector has been growing fast; it has been forecast that 60 % investment in new power 
capacity up to 2040 will be spent on renewable energy [4].  Wind, solar and wave are 
renewable sources characterised by their unpredictable nature, and until an efficient system 
to store the electricity surplus is available, backup generation (e.g. gas turbines) will be 
required to supply electricity during the periods when renewable generation is not sufficient 
to meet the demand.  Energy generation from astronomical tides presents the main advantage 
of being completely predictable, hence facilitating integration within the grid and reducing 
the need for backup generation capacity.  Moreover, tidal energy presents high energy 
density which limits the footprint of tidal projects compared to other renewable energy 
sources with lower energy densities. 
There are presently two approaches to generate electricity from the tides [5].  First, tidal 
barrages and lagoons are located at enclosed bays and estuaries where there is a significant 
tidal range.  Tidal barrages are effectively dams which capture the water at high tide and 
release it when there is sufficient head to generate electricity (e.g. La Rance tidal barrage, 
north of France).  The technology employed has evolved from well proven hydro-electric 
schemes.  However, tidal barrages have high impacts on the environment as they change the 
tidal cycles inside the bays and alter sediment transport fluxes.  Tidal lagoons represent a 
feasible alternative to tidal barrages as these can be installed offshore and do not close the 
bay.  Second, tidal stream turbines (herein referred as tidal turbines) are hydrokinetic devices 
that can exploit the locally accelerated currents originating from the combination of 
sufficient local head difference and the presence of a bathymetric or topographic feature (e.g. 
island).  Tidal turbines have undergone significant development in the past 20 years 
including laboratory experiments of scaled turbines and tests of MW-scale tidal turbines 
under real sea conditions; the first pre-commercial arrays are currently under construction, 
and large tidal arrays are in the design stage. 
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World energy consumption in 2012 was estimated to be around 17.7 TW [4].  The energy 
dissipated naturally due to tides worldwide is estimated to be around 2-3 TW [6].  Even if all 
the energy naturally dissipated was harnessed, which is technically unfeasible, tidal energy 
would only cover a small fraction of world’s energy demand.  However, in certain areas of 
the world tidal energy could contribute significantly to the energy mix.  In the U.K., the 
maximum annual tidal energy yield has been estimated to be between 10.3 TWh and 30.0 
TWh [7], compared to the 317.5 TWh electricity demand in the U.K. in 2012 [8], this 
represents between 3 % and 10 % of the U.K.’s total electricity demand.  The tidal current 
resource of Canada has been estimated to be 42 GW with an equivalent annual energy 
generation of 365 TWh, which could account for 70 % of Canada’s annual electricity 
consumption [9].  However, the above resource estimates still present high levels of 
uncertainty. 
1.1. Motivation 
The exploitation of tidal stream energy requires accurate understanding of the tidal resource, 
the limits to power extraction, and the effects on the environment.  Relatively accessible site 
parameters in the natural state such as the kinetic power or the power dissipated on the 
seabed [10] have been used to provide an estimate of the tidal resource available for power 
generation.  However, detailed analyses of idealised [11] and actual coastal sites [12] have 
shown that these parameters may not be good indicators of the tidal resource available for 
extraction.  Typical tidal coastal sites include configurations such as those defined by a 
channel linking two infinite ocean basins, a channel linking an infinite ocean basin and an 
enclosed bay, and a headland.  According to a survey of tidal sites in the U.K. and U.S.A. 
carried out by Draper [13], these three types of coastal sites represent around 60 % of the 
total surveyed sites.  Slightly less than 10 % of the surveyed sites are categorised as a strait 
between an island and a landmass.  For certain island and strait geometries, the physical 
behaviour of the site may approximate that of a channel linking two infinite ocean basins.  
Moreover, this type of site presents multiple possible layouts of islands and landmass, while 
also allowing for power extraction both in the strait and offshore side of the island.  A 
sensitivity study would benefit the understanding of the power potential of such coastal sites 
and enable assessment of the effects of parameters such as island and strait geometry, seabed 
topography, and power extraction. 
3 
 
1.2. Aims and objectives 
There is currently a good understanding of the limits to power extraction of the tidal coastal 
site types categorised as a channel linking two infinite ocean basins, a channel linking an 
infinite ocean basin and an enclosed bay, and a headland (Figure 1.1).  However, there is 
lack of information on the limits to power extraction in tidal coastal sites defined as an island 
in the vicinity of a landmass (Figure 1.1). 
 
Figure 1.1. Identified tidal coastal sites suitable for tidal power exploitation. (a) Channel linking two 
infinite ocean basins; (b) channel linking an infinite ocean basin and an enclosed bay; (c) headland; 
and (d) island in the vicinity of a landmass.  
The aim of this thesis is therefore to investigate power extraction for idealised and actual 
cases of tidal turbine arrays located in a tidal flow field surrounding an island in the vicinity 
of a landmass.  The main objectives are: 
 To verify and validate a numerical resource assessment methodology for the island-
landmass coastal site based on the finite element method code Fluidity. 
 To characterise the tidal resource of the island-landmass coastal site by means of a 
parameter sensitivity study of an idealised version of the coastal site in which coastal 
geometry features are simplified. 
 To assess the validity of the outcomes of the parameter sensitivity study through the tidal 
resource assessment of an actual coastal site whose geometry and seabed topography 
conditions can be linked to the idealised coastal site. 
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1.3. Thesis structure 
Chapter 2 contains a literature review of the field.  The chapter is divided into three parts: 
first, definitions are provided of tidal resource and assessment techniques; second, a review 
is given of resource assessments performed for different coastal site types; third, 
hydrodynamic and resource assessment studies are presented for coastal sites defined as an 
island in the vicinity of a landmass.  Chapter 3 outlines the methodology employed to 
perform tidal resource assessment.  The shallow water equations are derived from the Navier 
Stokes equations, and parameters relevant to tidal resource assessment are detailed.  The 
numerical scheme is then described.  Chapter 4 verifies and validates the methodology that 
will be employed to assess the resource of the island-landmass coastal site.  The physics of 
the numerical code are validated for flow past submerged and surface piercing circular 
cylinders.  Methodology to account for power extraction is verified for bounded and 
unbounded flows.  Chapter 5 characterises the tidal resource at the island-landmass coastal 
site by means of a parameter sensitivity study.  The sensitivity analysis investigates the 
effects on the resource estimates of the island and strait geometries, seabed topography, 
characterisation of the friction and viscous environment, and area and location where power 
extraction is implemented.  Power extraction estimates are compared against analytical 
models and actual sites when available.  Chapter 6 analyses the limits to power extraction in 
the Rathlin Sound, a coastal site that falls into the category of island in the vicinity of a 
landmass.  Limits to power extraction at the site are assessed and results are compared 
against the outcomes of the island-landmass study of Chapter 5 and analytical models.  
Chapter 7 presents the conclusions, summarises the research main findings of this project, 
and includes some suggestions for further work.  The appendix includes a list of conference 





2. Literature review 
2.1. Introduction 
The first multi-megawatt tidal stream energy arrays are planned to become operational in the 
next ten to twenty years.  Accurate estimation of the tidal resource is an important 
prerequisite for successful implementation of pre-commercial and (subsequent) commercial 
arrays.  This chapter provides a comprehensive overview of the resource assessment 
techniques currently used and studies of identified tidal coastal site types, with a focus on the 
coastal site defined by an island near a landmass.  This chapter provides a basis for the work 
presented in Chapters 5 and 6.  The chapter is structured in four sections. Section 2.2 
examines the various definitions of tidal resource, and techniques currently used in the tidal 
industry to perform resource assessment.  Section 2.3 categorises tidal coastal sites, provides 
an overview of resource assessment performed for each category and discusses 
hydrodynamic and resource assessment studies for the case of a coastal site defined by an 
island near a landmass.  Section 2.4 summarises the chapter. 
2.2. Tidal resource assessment 
In the early stages of the tidal stream energy industry, the resource assessment was 
performed based on local kinetic power, following the wind industry practice [14].  
However, tidal current and wind resources differ in the following ways [15]: (1) tides 
involve potential and kinetic energy, unlike wind which solely involves kinetic energy; and 
(2) tidal currents are constrained by the seabed, coastlines and the sea surface, thus power 
extracted cannot be recovered, unlike wind where energy extracted can be recovered through 
mixing with the atmosphere.  Even so, certain aspects applied to the wind industry remain 
valid when assessing the tidal resource.  Common factors limiting the tidal resource 
available for power extraction [16] [17] [18] [19] include: technical limitations (e.g. current 
speeds and turbine design); site bathymetry and navigational requirements; environmental 
restrictions (e.g. unacceptable changes to flow and free surface elevation conditions in the 
natural state and impacts on marine habitat); economic criteria (e.g. optimum number of 




Black & Veatch Ltd. [20] attempted to account for the technical, economic, environmental 
and ecological constraints when estimating the extractable resource in U.K. waters by 
defining a significant impact factor (SIF).  Black & Veatch Ltd. calculated the SIF to be 20% 
of the kinetic power in the natural state.  Bryden et al. [21] estimated the SIF to be ~ 10%, at 
which flow speed would reduce under 3% compared to a 6% reduction when 20% of the 
natural kinetic power is extracted.  However, the use of undisturbed  kinetic power has been 
criticised by Garrett and Cummins [11] because it does not represent a valid reference by 
which to assess power extraction noting the associated flow changes that occur in a channel. 
2.2.1 Tidal data and long term tidal data prediction 
Tidal currents present both potential and kinetic power, and so information on tidal current 
velocity and sea surface elevation is needed to perform a tidal resource assessment.  Tidal 
diamonds are used by mariners and indicate the direction and speed of tidal currents at the 
sea surface, and these are included in tidal diamond tables extending 12 hours at intervals of 
an hour covering both mean spring and neap tides.  Information about sea surface elevation 
is usually obtained from tidal gauges and satellite altimetry.  Acoustic Doppler current 
profilers (ADCP) installed on the seabed or on the bottom of vessels provide measurements 
of the speed and direction of the currents in the entire water column, which can also be used 
to estimate the sea surface elevation.  Spatial coverage can be achieved by deploying a large 
number of ADCPs, though this may be economically prohibitive.  The limitation of the 
ADCP’s battery life can be extended by means of harmonic analysis [22], whereby the time 
series of tidal velocities or free surface elevations is decomposed into harmonic components, 
which then can be used to reproduce the tidal signal at any time interval.  For a detailed 
explanation on harmonic analysis, the reader is referred to [22] and [23].  Whereas the 
frequency of the harmonic constituents is constant, both amplitude and phase can be altered 
by local features (e.g. bathymetry).  There are 175 tidal constituents including astronomically 
harmonics and shallow water harmonics (e.g. M4) that arise through interaction with 
bathymetry.  The Rayleigh criterion is used to determine what constituents can be extracted 
with harmonic analysis based on the time duration of the data record available [22].  For 
example, 19 years of data are required to resolve all the tidal constituents and 14.7 days are 
required to determine the principal semidiurnal lunar M2 and solar S2 constituents, whose 
phase difference is responsible for the spring-neap tidal cycle.  Table 2.1 lists the frequency 
of selected semi-diurnal and diurnal tidal constituents used in Chapter 6.  There are several 
open source tools available to perform harmonic analysis, such as T_Tide [24] used in 
Chapter 6, Utide [25] and World Currents [23]. 
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K1 15.0411 O1 13.9430 P1 14.9589 Q1 13.3987 
M2 28.9841 S2 30.0000 N2 28.4397 K2 30.0821 
Table 2.1. Frequencies (in degrees per hour) of selected semi-diurnal and diurnal tidal constituents 
[23]. 
Tides at a location can be classified according to the amplitudes of the diurnal K1 and O1 and 
the semi-diurnal M2 and S2 harmonic constituents using the Formzahl number [26], =
( + ) ( + )⁄ , where the tide is Fz < 0.25 semi-diurnal, 0.25 < Fz < 1.5 mixed semi-
diurnal dominant, 1.5 < Fz < 3.0 mixed diurnal dominant, and Fz > 3.0 diurnal.  When tides 
are strongly semi-diurnal, two consecutive tides present currents of similar strength.  As tides 
are more diurnal, there is a significant reduction in the current of one tide per day.  
Consequently, the local type of tide has direct implications on site resource assessment [27].  
Furthermore, from a study of the Orkney Islands in Scotland, Neill et al. [28] concluded that 
the phase between the semi-diurnal lunar constituent M2 and its first harmonic M4 is a 
valuable indicator of the degree of asymmetry in velocity between flood and ebb.  Velocity 
asymmetry influences site resource assessment; Neill et al. found that a degree of 30 % 
asymmetry in velocity produced a 100 % asymmetry in power density.  Tidal asymmetry 
may also have implications on the site sediment dynamics [29].  Although harmonic analysis 
can overcome the temporal limitation of data available at a site, it is noted that harmonic 
analysis alone cannot incorporate changes in the tidal flow due to power extraction. 
2.2.2 Analytical and numerical models for resource assessment  
Analytical and numerical models can overcome the limitations of harmonic analysis because 
they can account for changes in the flow due to power extraction.  Models employed to 
perform tidal resource assessment are divided into three categories.  Analytical one-
dimensional (1D) models are used to determine the maximum average power extracted from 
channels connecting two infinite oceans [11] [15] or an infinite ocean with an enclosed bay 
[30], based on relatively accessible parameters such as the head amplitude driving the flow, 
peak flow through the channel, seabed friction and channel dimensions.  1D models assume 
uniform power extraction and constant seabed and channel geometry.  The limitations of 
analytical 1D models can be overcome with numerical two-dimensional (2D) and three-
dimensional (3D) models.  2D models [31] [32] solve the shallow water equations (SWE) 
(Section 3.2) to compute sea surface elevations and depth-averaged velocities, and use 
simplified approaches to model power extraction from tidal turbines (Section 3.2.2).  2D 
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models are computationally efficient and are applied from medium to large-scale domains; 
however their main disadvantage is that they are unable to capture vertical flow behaviour 
which may be due to complex seabed profiles.  3D models [33] compute the velocity profile 
over the entire water column and allow a more detailed representation of power extraction 
(by carrying out the analysis at the exact rotor position within the water column) thus 
yielding more accurate resource and environmental assessments.  The increase in accuracy 
comes at a cost of high computational resources and this limits the application of 3D models 
currently to small and medium-scale domains.  A review of the different hydrodynamic 
modelling approaches, based on the scale of interest, is given by Adcock et al. [34]. 
Furthermore, Vennell et al. [35] highlighted that it is not presently feasible to resolve in the 
same model flow features generated at blade scale of less than a meter and those occurring 
far from the site at a scale of several kilometres.  Moreover, 2D and 3D models can account 
for other parameters that can influence long term tidal resource assessment such as the 
interaction between waves and currents or between wind and currents [36] [37], and the 
interaction with nearby tidal energy developments [38]. 
Another alternative model used to assess the tidal resource in domains with multiple 
channels relates the shallow water problem to an electrical circuit analogy, in which the head 
driving the flow is represented by an alternating voltage, the flow is equal to the electric 
current and bed friction and turbines are represented using non-linear resistances [13].  This 
method has been applied by Draper et al. [39] to assess the resource of the Pentland Firth, 
located between north coast of Scotland and the Orkney Islands, and by Cummins [40] to 
investigate the power potential of a split tidal channel. 
2.3. Analysis of coastal sites for tidal power extraction 
Draper [13] identified in particular four different coastal sites suitable for tidal energy 
exploitation: strait between two infinite ocean basins; strait between an infinite ocean basin 
and an enclosed bay; headland; and strait between an island and a semi-infinite landmass.  
The study of these coastal sites has been performed through three approaches.  The first 
utilises analytical models to represent the main physics of the coastal site; e.g. Garrett and 
Cummins’ [11] (GC2005) analytical model assesses the maximum average power extracted 
from a channel linking two infinite ocean basins.  The second approach models idealised 
coastal sites and simplifies the coastal geometry features to allow for a parameter sensitivity 
study; e.g. Draper et al. [41] investigated the power potential of an array deployed offshore 
of an idealised headland and assessed the sensitivity of the power extracted by the array to 
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changes in the headland geometry.  The results from such analysis of an idealised coastal site 
provide useful guidelines to tidal energy planners during site selection and project pre-
feasibility stages.  The third approach involves numerical modelling of actual coastal sites, 
and provides detailed information on local flow dynamics and resource at the site, although 
the outcomes may not be extrapolated to other coastal sites of the same type; e.g. Blunden 
and Bahaj  [42] used such a method to evaluate the tidal stream resource off Portland Bill, a 
headland on the south coast of England. 
2.3.1 Channel connecting two infinite ocean basins 
Limits to power extraction, also known as the potential [35], from a channel connecting two 
infinite ocean basins have been extensively studied from an idealised point of view.  Bryden 
et al. [21], [16] and Bryden and Couch [15], [43] assessed the effects of power extraction 
from a channel on the free surface elevation and velocity profiles along the channel using a 
1D quasi-steady analytical channel model (Section 4.9.1).  Power extraction is expressed as a 
percentage of the undisturbed kinetic power, assuming constant channel cross-section.  
Power extraction is uniform across the channel and the length of the channel over which 
power extraction is implemented is undefined.  Head driving the flow is assumed to be 
independent of the level of power extraction within the channel.  A reduction in the free 
surface elevation and a consequent increase in flow velocity are predicted downstream of the 
area of power extraction.  However, the increase in power extraction reduces the channel 
flow velocities compared to the undisturbed case. 
GC2005 developed an analytical model to estimate the maximum average power available 
for extraction based on the head driving the flow, maximum volumetric flow rate through the 
channel and the phase difference between the driving head and flow in the channel (Section 
4.9.2).  Maximum average power available is found to be less than the average undisturbed 
kinetic power through the most constricted cross-section of the channel.  Power extraction is 
uniform across the channel and maximum average power is independent of the location of 
the tidal array.  At maximum power extracted, flow in the channel is reduced to 57.7 % of 
the flow in undisturbed conditions.  The model assumes the head driving the flow is constant 
and independent of the level of power extraction within the channel.  Garrett and Cummins 
[44] extended the analysis of GC2005 to analyse what fraction of the power of an array 
blocking completely the channel could be obtained by a partial array, as arrays may not be 
able to block the entire channel cross-section due to navigational and environmental 
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constraints. Garrett and Cummins [45] highlight that power maximisation of partial arrays 
requires numerical modelling. 
Vennell [46] extended the model of GC2005 to consider tuning of tidal turbines based on 
local flow conditions at the channel to optimise power extraction.  Power extraction is 
maximised because the channel cross-section is blocked by the tidal array, and tuned arrays 
can extract most of the potential of a channel.  Tidal array tuning depends on the number of 
turbines per row, number of rows, channel geometry, seabed friction coefficient, and tidal 
forcing.  When an array consists of different rows, the rows also need to be tuned in the 
presence of the other rows [47], although in several conditions, optimal tuning is identical or 
very similar for all rows of turbines.  Vennell [48] developed a model to estimate the 
potential of a channel based on peak undisturbed volumetric flow, seabed drag coefficient, 
and channel dimensions, and applied it to estimate the potential of the Cook Strait in New 
Zealand in 15 GW.  Plew and Stevens [49] analysed the limits to power extraction and 
effects on the natural environment for Tory Channel, New Zealand.  Plew and Stevens found 
that the numerical predictions were almost one-third the analytical predictions obtained using 
the channel model by Vennell [48]. 
Adcock and Draper [50] expanded the model of GC2005 to consider multiple tidal 
constituents and their effects on the potential of a channel.  The results compared 
satisfactorily with those from Adcock and Draper’s earlier study of the Pentland Firth [51]. 
Cummins [40] investigated the potential of a split channel using the electric circuit analogy 
theory and derived analytical expressions for the potential and flow of each section of the 
channel.  Cummins found that the flow reduces to 58 % of its magnitude in undisturbed 
conditions at maximum power extracted in the impeded sub-channel.  Atwater and Lawrence 
[52] assessed analytically a split channel with a constant head driving the flow independent 
of the level of power extraction in the channel.  Atwater and Lawrence showed that the 
increased resistance in the impeded sub-channel used to account for the presence of tidal 
turbines diverted the flow to the free sub-channel and did not decrease total volumetric flow 
through the channel.  Hence, undisturbed kinetic power is not a good indicator of the 
potential of a split channel.  Polagye and Malte [53] and Draper et al. [39] carried out further 
analysis to explore the limits to power extraction in multiple-channel networks. 
It should be noted that the coastal sites considered above, that were categorised as a channel 
linking two infinite ocean basins, could also be categorised as a strait between an island and 
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landmass or other island-landmass layouts defined in Section 2.3.4.  For this reason, Section 
2.3.4 includes a wider review of resource assessment of actual sites of this category. 
2.3.2 Channel connecting an oscillating bay to an infinite ocean basin 
The potential of an idealised channel connecting an oscillating bay to an infinite basin has 
been analysed by Garrett and Cummins [54].  Maximum power available for extraction is 
reached when tidal range inside the bay is reduced to 74 % of that in undisturbed conditions; 
and maximum power is not well approximated by the undisturbed kinetic power in the 
channel.  The tidal array is more effective if distributed uniformly across the entrance of the 
bay. The 1D analytical model by GC2005 used for a channel linking two infinite ocean 
basins is also valid here after correction of the driving head.  The 1D analytical model of 
Blanchfield et al. [30] predicted the maximum average extractable power to be a function of 
the amplitude of the dominant tidal constituent in the open ocean, the maximum volumetric 
flow rate, and the amplitude ratio and phase lag between the bay and the open ocean in 
undisturbed conditions.  Numerical results from Draper [13] compare satisfactorily with the 
analytical model from Blanchfield et al. for an isolated bay but the results differ significantly 
for a bay with two inlet channels.  Using a 1D time-dependent numerical model, Polagye et 
al. [55] observed that power extraction leads to a reduction in the volumetric flow rate and 
kinetic power density in a channel and a reduction in tidal range landward of a tidal array.  
The magnitude of these effects depends on the rate of power extracted, estuary geometry, 
tidal regime, and non-linear turbine dynamics, and also cannot be related in any easy way to 
the fraction of kinetic energy extracted.  Vennell’s [48] 1D analytical model can also be 
applied to this type of coastal site and was applied to estimate the potential of the entrance 
channel to Kaipara Harbour in New Zealand as between 110 MW and 240 MW for a simple 
channel and channel and lagoon systems respectively. 
Karsten et al. [56] analysed numerically the Minas Passage in the Bay of Fundy, east coast 
of Canada, and found that the limit to power extraction is 7 GW, with over 30 % reduction in 
the volumetric flow rate in the Minas Passage and the tidal amplitude in the Minas Basin.  
When a 5 % maximum change in the tidal amplitudes is allowed, the power extracted 
decreases to 2.5 GW.  Blanchfield et al. [57] used the model by Blanchfield et al. [30] to 
assess the tidal resource of the Masset Sound, located in Haida Gwaii, Canada.  When the 
volumetric flow rate reduced to 58 % of the undisturbed state the maximum power extracted 
by the array was 79 MW, which reduced to 37 MW if the tidal regime was kept within 90 % 
of the undisturbed conditions.  Kawase and Gedney [58] investigated an ocean-fjord system 
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and concluded that knowledge of the natural power dissipated on the seabed is important in 
order to estimate the limits on power extraction for a tidal array deployed in the fjord. 
Walkington and Burrows [32] found that power extraction depends on the farm spatial layout 
and that this also affects erosion and sediment transport.  Changes in the local flow features 
and water levels were also assessed by Ahmadian and Falconer [59] and Ahmadian et al. 
[60] in the Severn Estuary and Bristol Channel, south-west of England. 
2.3.3 Headland 
Draper et al. [41] analysed the energy potential of a tidal array deployed near an idealised 
headland and the effect of the array on the environment.  Maximum power extracted by the 
array was not well approximated by either the local undisturbed kinetic power or the power 
naturally dissipated by the seabed.  The undisturbed kinetic power distribution is however 
useful to determine the best location to deploy a tidal array near a headland.  Higher rates of 
bypass flow were found offshore of the array, where depths were greater, and the bypass 
flow limited the power extracted by the array.  Adcock [61] investigated an idealised 
headland, obtaining results in agreement with those by Draper et al..  Adcock found that 
extending one or two rows of turbines offshore of the headland led to a higher increase in 
power extraction than for several rows of turbines close to the headland. 
Serhadlıoğlu et al. [62] assessed the resource off the Anglesey Skerries, north-west of Wales. 
They concluded that more power is extracted as turbine arrays are placed closer to the 
Skerries, power extraction from long rows is greater than from multiple rows, and higher 
bypass flow occurs offshore of the array than in the region between the array and the 
Skerries.  Results from Serhadlıoğlu et al. are in agreement with Draper et al. [41].  Blunden 
and Bahaj [42] analysed the undisturbed hydrodynamics of Portland Bill, however they did 
not explore the limits to power extraction of the site.  Neill et al. [63] analysed the effects of 
power extraction on the sand banks naturally generated from headland eddies and found the 
maintenance of sand banks could be affected if a 300 MW tidal array were deployed in the 
vicinity of the headland. 
2.3.4 Strait between an island and a landmass 
A survey of tidal sites in the United Kingdom and North America carried out by Draper [13] 
revealed that slightly less than 10 % of the coastal sites considered in the survey can be 
categorised as a strait between an island and a landmass. 
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This type of coastal site is dominated by two coastal features, namely the strait and the 
island.  A strait is a narrow waterway connecting two large bodies of water (e.g. Strait of 
Gibraltar connecting the Atlantic Ocean and the Mediterranean Sea).  When this narrow 
water separates two land masses it is referred as a channel (e.g. English Channel separating 
United Kingdom and France).  Vennell [64] analysed the barotropic changes in free surface 
and velocity along a channel, and distinguished between long, if channel is narrow at a 
distance 0.2 widths from the ends, and short channels, if channel is wide at a distance 0.2 
widths from the ends.  Another channel classification was suggested by Vennell et al. [35]: 
large channels are deeper and the undisturbed channel dynamics are dominated by inertia of 
the flow; and  small channels are shallower ones where channel undisturbed dynamics are 
dominated by natural bottom friction.  Vennell defined a channel as non-divergent if 
transport is the same at every cross-section of the channel; that is, the velocity has the same 
phase throughout the channel.  Vennell found that short channels are non-divergent, an 
example being the Cook Strait in New Zealand [65]. 
Flow dynamics around islands have been extensively studied.  Aerial observations of island 
wakes have highlighted the importance of capturing satisfactorily the flow dynamics past an 
island.  Ingram and Chu [66] investigated experimentally the wake behind islands in shallow 
waters and compared them to aerial observations of the flow around islands in the Rupert 
Bay, north coast of Quebec (Canada).  Ingram and Chu observed that the island wake 
depends on the stability of the transverse shear layers developed along the two sides of the 
island.  Wolanski et al. [67]  and Furukawa and Wolanski [68] investigated the island wake 
in shallow waters generated at Rattray Island, northeast Australia, and concluded that island 
wakes are very sensitive to the level of detail of the bathymetry near the separation points.  
Lloyd et al. [69] investigated experimentally the mechanisms of wake formation around 
surface piercing circular islands in oscillatory laminar shallow water flows.  Lloyd et al. 
found that the type of oscillatory wake depends on two non-dimensional parameters: the 
stability parameter, which depends on the bottom friction, island geometry and water depth; 
and the Keulegan-Carpenter number, which depends on the amplitude and period of the 
oscillating velocity at the surface.  Lloyd and Stansby [70] extended the analysis to conical 
surface piercing islands and analysed experimentally and numerically the influence of the 
island side slope angle on the wake.  Pingree and Maddock [71] [72] analysed numerically a 
sloping island and observed the formation of four residual eddies originated from frictional 
stress on the sloping bathymetry.  Couch [73] studied numerically the development of wake 
eddies from islands through comparison against experimental and observed data. 
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Under sufficient tidal head to drive the flow, the presence of an island, island-landmass, or a 
group of islands can increase local current velocities to a point that they can be exploited to 
generate power.  The following is one possible classification of the island-tidal systems 
(Figure 2.1): 
a. Island of similar length and width in the vicinity of a landmass 
b.    Isolated offshore island 
c.    Geometrically long island in the vicinity of a landmass 
d.    Geometrically wide island in the vicinity of a landmass  
e.    Two isolated offshore islands 
f.    Isolated offshore multi-island system 
 
Figure 2.1. Island-tidal system configurations suitable for power exploitation [74]. 
In his study of a channel linking two infinite ocean basins, Draper [13] analysed numerically 
a strait between a geometrically long and wide island and a landmass.  Draper observed that 
the maximum averaged power extracted from the strait is not well approximated by the 
GC2005 channel model mainly due to changes in the driving head induced by power 
extraction in the strait as the bypass flow offshore off the island was not significant at the 
island scale analysed.  If this difference in head was accounted for, Draper concluded that the 
GC2005 channel model explains satisfactorily the basic physics of the strait. 
Adcock et al. [51] assessed numerically the available power in the Pentland Firth, a coastal 
site that could be categorised as a strait between a geometrically long and wide island and a 
landmass.  Adcock et al. found that maximum power extraction in the Pentland Firth is less 
than half than the predicted value using the GC2005 channel model.  Results from Draper et 
al. [12] for the Pentland Firth agree with the power extraction predicted by the GC2005 
channel model.  The discrepancies between the results obtained by Adcock et al. and Draper 
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et al. arise from differences in the methodology used to account for power extraction in their 
numerical models (Section 3.2.2).   Draper et al. observed that maximum power extraction in 
the Pentland Firth does not lead to flow diversion offshore of the Orkney Islands but 
increases the flow through the sub-channels of the Orkney Islands due to an increase in 
phase difference.  Draper et al. also analysed the Inner Sound, a strait between the island of 
Stroma and the north coast of Scotland which could be categorised as an island of similar 
length and width in the vicinity of a landmass.  Draper et al. found the potential of the Inner 
Sound to be 122 MW if exploited in isolation, and between 108 MW and 320 MW when 
operated in combination with other arrays in the Pentland Firth.  Martin-Short et al. [75] 
analysed the effects of power extraction on the flow regime and sediment transport in the 
Inner Sound, and found changes in sediment transport for arrays in excess of 85 MW of rated 
power. 
Myers and Bahaj [76] and Bahaj and Myers [77] investigated power generation in the 
Alderney Race, located between north-east coast of France and the Island of Alderney in the 
English Channel.  An annual energy production of 7.4 TWh is estimated based on the 
undisturbed conditions, however this figure does not account for changes in the flow due to 
power extraction.  The effects of power extraction on the flow are accounted by Coles et al. 
[78] who estimated the annual electricity generation to be 2.4 TWh for an array blocking the 
Alderney Race and a maximum average power potential to be 2.3 GW.  The effects of power 
extraction on the environment of the Alderney Race are investigated by Thiébot et al. [79] 
who found that an array of 290 MW produces a 15 % reduction in the mean current velocity 
compared to undisturbed conditions.  Sediment transport between eastern and western part of 
the Alderney Race is found to be sensitive to the location of the tidal array. 
Sutherland et al. [31] assessed the limits to power extraction in the Johnstone Strait, located 
between Vancouver Island and west coast of Canada, a coastal site which could be 
categorised as a strait between a geometrically long island and a landmass.  When flow was 
not allowed to divert away from the channel, Sutherland et al. found that the numerical 
results were in agreement with the GC2005 channel model. 
Blunden et al. [80] assessed the resource of the Alas Strait, located between Lombok Island 
and Sumbawa Island in Indonesia, which could fall into the category of an isolated offshore 
multi-island system.  Power extraction from the flow was accounted by the attenuation of the 
incident velocity based on the flow direction and the number of rows deep into the array.  
Annual energy generation was estimated in 330 GWh when turbines were only installed in 
water depths lower than 40 m and 640 GWh when turbines could also be installed in water 
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depths up to 80 m.  The methodology employed approximated the effects of power 
extraction on the flow and consequently in the energy yield.  However, the analysis was 
restricted to the Alas Strait and as such it did not consider the effects that power extraction in 
the Alas Strait could have on the other straits of the multi-island system.  Vennell [48] 
estimated a potential of 15 GW in the Cook Strait in New Zealand, which could fall into the 
category of two isolated offshore islands. 
Chen et al. [81] assessed numerically the extracted energy from tidal turbines near Zhaitang 
Island, located off the east coast of China, a coastal site that could be categorised as an 
isolated offshore island.  Chen et al. tested several array configurations of individually 
represented turbines and observed that turbines closer to the island were producing more 
power.  However Chen et al. did not define the limits to power extraction at the coastal site. 
Draper et al. [39] employed the electric circuit analogy theory to estimate the resource in the 
Pentland Firth and the Inner Sound, and found that that the maximum average power in the 
Inner Sound differed by 23 % from the results obtained separately by Draper et al. [12].  
However, Draper et al. [39] did not extend the analysis to the Orkney Islands and offshore to 
account for bypass flow changes when power is extracted in the Pentland Firth. 
2.4. Summary 
This chapter has summarised the tools currently used to undertake tidal resource assessment, 
and highlighted the merits and drawbacks of different analytical and numerical models used 
to estimate the limits to power extraction by tidal arrays and assess the effects on the 
environment.  The available analytical models and numerical studies have been considered 
for four types of coastal site, following Draper’s classification.  Coastal sites defined as a 
channel linking two infinite ocean basins and an infinite ocean basin with an enclosed bay 
have been extensively studied, and the current analytical models appear to provide a good 
approximation to the potential of these coastal sites.  For headlands, the results from 
idealised and actual coastal site numerical models appear to be consistent.  The coastal site 
defined as a strait between an island and landmass and alternative layouts is generally 
analysed as a channel linking two infinite ocean basins, which provides a good 
approximation to the potential at the site for geometrically long islands in the vicinity of a 
landmass as discussed by Draper et al. and Sutherland et al..  However, other island site 
layouts may exhibit different flow characteristics due to the change in the head driving the 
flow with power extraction in the strait and bypass flow offshore of the island.  Although 
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flow dynamics around islands have been extensively studied, it is concluded from the 
literature review that a detailed numerical analysis of this type of coastal site from a resource 
assessment point of view is required.  The analysis should consider the characterisation of 
the resource based on an idealised site and assess the validity of the outcomes through the 






Tidal resource assessment of coastal sites through numerical modelling involves prediction 
of the complex flow dynamics driven by the tidal flow as it interacts with the bed topography 
of the site and encounters the turbines extracting power from the flow.  This chapter presents 
the SWEs and their implementation applied to tidal resource assessment.   The chapter is 
structured in three sections.  Section 3.2 presents the SWEs, their derivation from the three-
dimensional Navier Stokes equations, the external equation force terms relevant to tidal 
applications, and finally summarises the different methodologies to account for power 
extraction from tidal turbines in SWE models.  A discussion is also included on the choice of 
the SWEs and power extraction methodology.  Section 3.3 summarises the fundamentals of 
the finite element method and describes the main configuration of the numerical model 
Fluidity used in Chapters 4, 5 and 6 for the various parameter studies. Section 3.4 presents 
the summary of this chapter. 
3.2. Shallow water equations 
Complex three-dimensional tidal flows can be simplified to a two-dimensional, depth-
averaged problem through the use of the shallow water equations (SWE).  Shallow water is 
defined as having a depth at most one tenth of the tidal wavelength, and vertical velocities 
that are negligible compared to streamwise and transverse velocities [82].  The SWEs are 
traditionally used in applications such as rivers, and lately have also been employed in tidal 
resource assessment applications [12].  The SWEs can be either directly derived, or obtained 
through the depth integration of the continuity and momentum Navier-Stokes equations [83] 
[84].  Under the assumption of a hydrostatic pressure distribution, depth integration of the 
Navier-Stokes equations leads to the shallow water equations (Eqs (3.47) - (3.49) in Section 
3.2.3). 
The Navier-Stokes equations in conservative form are: 
+ + = 0 (3.1) 
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where t is the time and x, y and z are the Cartesian coordinates; U, V and W are the simple 
Cartesian velocity components of the fluid respectively; X, Y and Z are external forces; P is 
the fluid pressure; and ρ is the fluid density (for seawater =1,025 kg/m3).  In turbulent 
flows, such as those occurring in shallow waters, the velocity terms can be separated using 
the Reynolds decomposition into local mean  and fluctuating ∗ components [85]. 
In a time period Tf, which is longer than the time scale of the turbulent fluctuations but 
smaller than the time scale of the main flow features, the velocity components satisfy the 
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The Reynolds-decomposed velocity components are substituted into continuity Eq. (3.1) and 
x-direction momentum Eq. (3.2) (y and z momentum equations are changed in a similar way) 
to obtain the Reynolds-averaged equations: 
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where μ is the dynamic viscosity (10-3 N s/m2 for sea water).  
Figure 3.1 shows the shallow water system and the defining parameters.  The bottom of the 
system is defined by a level z = zo, referenced against a vertical datum.  The undisturbed total 
water depth h = ho + δ results from the addition of the undisturbed water depth or still water 
level ho and the free surface elevation δ.  The sea surface is defined as z = zo + h.  
 
Figure 3.1. Diagram of the shallow water system and the defining parameters. 
Derivation of the SWEs is based on two assumptions: hydrostatic pressure and the 
impermeability of the free surface and sea bed [86].  Pressure is hydrostatic when gravity is 
counterbalanced by the acceleration induced by pressure.  At these conditions, vertical 
accelerations are negligible.  Thus, the pressure P(x, y, z) can be expressed in terms of the 
weight of the water column: 
0 = −
1
−  (3.12) 
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Integrating Eq. (3.12) between z = zo and the water surface z = zo + h, where P is equal to 
atmospheric pressure, pa, leads to: 
( , , ) = − + ( + ℎ) (3.13) 
Neglecting the spatial gradient of the atmospheric pressure term, Eq. (3.13) becomes P = 
ρgh. 
Surface and bottom boundaries are impermeable.  This boundary condition defines that there 
is no flow through either boundary, thus particles at either surface remain there.  Vertical 
velocities at sea surface and bottom are computed as follows: 
 = ( ) + | ( ) + | ( ) (3.14) 
= + | + |    (3.15) 
The depth-averaged horizontal streamwise u and transverse v velocity components are 









Finally, the process of derivation of the SWE requires the use of the Leibnitz rule to 
differentiate an integral with variable boundaries. 
= + |
( + ℎ)
− |  (3.18) 
Integrating Eq. (3.1) over the depth and applying the boundary conditions at free surface and 
seabed shown in Eqs. (3.14) and (3.15) respectively leads to the depth-integrated form of the 
continuity equation: 
+ (ℎ ) + (ℎ ) = 0 (3.19) 
The depth-integrated version of the momentum equations is developed by parts.  First, the 
derivative and advection terms of Eq. (3.2) are integrated over the depth and the boundary 
conditions shown in Eqs. (3.14) and (3.15) are applied, resulting in: 
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Integrating the pressure term in Eq. (3.2) as shown in Eq. (3.13) and assuming no variation 








For the integration of the viscous terms in Eq. (3.2), the Reynolds stresses are related to the 
diffusion process using the Boussinesq approximation.  The diffusion term is characterised 
by a turbulent kinematic depth-averaged horizontal eddy viscosity , which is several orders 
of magnitude larger than the laminar kinematic viscosity. 





= 2 ℎ + ℎ +  (3.22) 
There are different approaches in the literature to include viscous effects and account for 
turbulent viscosity and dispersion in the flow dynamics of a shallow coastal model: 
 Assume inviscid flow.  In this case, the solution can be approximated by potential flow 
theory [87]. 
 Use a constant eddy viscosity  to account for molecular viscosity, turbulent viscosity 
and dispersion [88].  Some studies have used the eddy viscosity as a parameter to 
calibrate their hydrodynamic models [89]. 
 Compute the eddy-viscosity with an empirical turbulence model such as the k-ε or k-ω 
models which solve additional transport equations for turbulent quantities [90].  Where k 
is the turbulent kinetic energy, ε is the turbulent dissipation, and ω is the specific 
turbulent dissipation rate.  
The depth-averaged parabolic eddy viscosity model is based on a perfect balance between 
the vertical shear stress and the hydrostatic pressure gradient.  Under uniform flow 
conditions, the x-direction momentum equation becomes a balance between vertical shear 
and pressure gradient [91].  Under the assumption of logarithmic velocity distribution over 




( [ + ]) ⁄ ℎ (3.23) 
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where k = 0.41 is the von Kármán constant, Cd is the non-dimensional bottom drag 
coefficient and the term Cd u2+v2
1/2
 is known as the bed shear velocity. 
The depth-averaged parabolic eddy viscosity accounts for the turbulence generated by bed 
friction, but it does neglect effects of horizontal velocity gradients and it does not account for 
transport and dissipation processes.  It has been used to simulate simple channel flows and to 
account for turbulence produce by bed friction in more complex models [91]. 
Wu et al. [93] compared this depth-averaged parabolic horizontal eddy viscosity model 
against the modified mixing length model and three k-ε turbulence models.  All five 
turbulence models yielded similar flow velocity distributions when used in simple channel 
geometry natural rivers.  However, all turbulence models provided different simulated 
secondary flow features around a spur-dyke and in a sudden-expanded flume.  Such features 
are not present in the cases considered in this work and so the depth averaged parabolic eddy 
viscosity model is considered sufficient to account for turbulence. 
3.2.1 External forces in the shallow water equations 
3.2.1.1 Bed stress 
Bottom friction is used to characterise the roughness of the seabed which can be defined by 
different seabed sediment grain sizes for flat beds or scenarios with bed form.  Similarly to 
viscosity, bottom friction has been used as a calibration parameter when modelling real 
coastal sites [51] [94]. 
Bottom friction can be parameterised using a linear or quadratic law.  Based on the shear 
profiles taken from observations at real sites, bottom friction is said to be more realistically 
modelled using a quadratic law [26].  When using a quadratic drag law, the depth integrated 
bottom shear stress  is implemented in the x and y momentum equations as: 
= ( + ) ⁄  (3.24) 
= ( + ) ⁄  (3.25) 
It is possible to equate the depth integrated shear stress to the vertically resolved shear stress 
if data of velocity at 100 cm above the bottom U100 is available: 
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= =  (3.26) 
where C100 is the bottom drag coefficient based on a velocity measured 100 cm above the 
bottom. 
The above expression can be rearranged as: 
=  (3.27) 
Soulsby [95] developed an empirical expression to approximate the velocity profile in the 




where z is the location in the water column above the bottom, thus = + 1 m to 






Bottom friction is characterised in the literature in terms of the Manning number M and 
Chezy number C, linked to the dimensionless bottom friction as: 
= ( ℎ ⁄ )
 (3.30) 
=  (3.31) 
Table 3.1 presents the bottom drag coefficients derived empirically from field and laboratory 
data [95] for different bed types and their equivalent non-dimensional friction coefficient, 









Bed type C100 Cd M C 
Mud 0.0022 0.0015 43.32 80.11 
Mud/sand 0.003 0.0021 37.10 68.61 
Silt/sand 0.0016 0.0011 50.80 93.94 
Sand (unrippled) 0.0026 0.0018 39.85 73.69 
Sand (rippled) 0.0061 0.0042 26.02 48.11 
Sand/shell 0.0024 0.0017 41.48 76.70 
Sand/gravel 0.0024 0.0017 41.48 76.70 
Mud/sand/gravel 0.0024 0.0017 41.48 76.70 
Gravel 0.0047 0.0033 29.64 54.81 
Table 3.1. Bottom drag coefficients C100 for different bed types and their equivalent Cd, M and C for 
water depth h = 40 m [95]. 
3.2.1.2 Wind stress 
Wind stress τw acting on the sea surface is included on the x and y momentum equations of 
the SWE as [89]: 
= ( + ) ⁄  (3.32) 
= ( + ) ⁄  (3.33) 
where U10 and V10 are the wind velocity components measured at 10 m height above the sea 
surface, ρa is the air density and Cw is the dimensionless air-water resistance coefficient.  
Values of Cw are given by Flather [96], obtained from a study of surge prediction in the 
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Coriolis forces are negligible in rivers and lakes but are important for large masses of water 
such as oceans.  The depth integration of the Coriolis component is added to the x and y 
momentum equations as follows: 
= ℎ  (3.35) 
= ℎ  (3.36) 
where f is defined as:  
= 2Ω sin  (3.37) 
where Ω is the rotational frequency of the earth (2 86164 rad/s⁄ ) and λ is the latitude of 
the site; this is called the f-plane approximation.  In small domains, the value of f can be 
considered constant [86]. 
3.2.2 Accounting for the presence of power extraction 
This section discusses existing methodologies to model power extraction in SWE models.  
The methodologies may be categorised as either distributed-drag or individual turbine 
approaches [35]. 
3.2.2.1 Distributed drag  
This method consists of modifying the aggregated drag farm coefficient at an area in the 
same range of the equivalent size of the farm footprint.  This method of power extraction has 
been validated experimentally by Coles et al. [97] in a flume where power extraction from 
the flow was modelled using series of porous fences.  From the literature it is possible to 
distinguish two different ways to apply the distributed-drag approach in a SWE model: 
volumetric momentum sink and enhanced bottom drag. 
Volumetric momentum sink 
In this approach the power extracted from the flow by the turbines due to rotor thrust and 
support-structure drag is included in the momentum equations as a sink term.  The term 
represents the force exerted on the flow by a turbine averaged over the volume defined by 
the element area and the local water depth.  This method assumes a uniform distribution of 
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the momentum sink over the farm area and, because it is a two-dimensional approach, also 
over the water column.  In three-dimensional models, as pointed out by Bryden et al. [16], a 
momentum sink can be specified at a particular elevation in the water column allowing for 
more realistic representation of power extraction from turbines. 
This method allows detailed parameterisation of tidal turbines and can include flow 
dependent drag and thrust curves.  The forces exerted by the tidal turbines on the flow can be 
separated into two components: 
 Drag force FD from the supporting structure of the turbine. 
 Thrust force FT originating from the power extraction from the flow by the turbine rotor. 




| ⃗| ⃗ +
1
2
| ⃗| ⃗ (3.38) 
where AS and AT are the projected areas of the turbine support structure and rotor 
respectively; CD and CT are the supporting structure drag and rotor thrust coefficients 
respectively; and ⃗ is the depth-averaged velocity vector. 
The source term ( ⃗) is considered an external force and included in the momentum 
equations as: 
( ⃗) = −
ℎ
 (3.39) 
where Af is the area where the tidal farm is implemented.  The above expression is multiplied 
by a parameter NT which accounts for the number of turbines contained in the farm. 
For numerical stability, the source term ( ⃗) is treated implicitly through the addition of a 
volumetric absorption term = × ⃗ [98], expressed as: 
= −
( + )| ⃗|
2 ℎ
 (3.40) 
This power extraction methodology has been applied in a number of hydrodynamic tidal 
studies.  Neill et al. [29] used a 1D model to analyse the effects of power extraction on large-
scale sediment dynamics in regions of strong tidal asymmetry and applied it to the Severn 
estuary (United Kingdom).  Ahmadian et al. [60] studied the impacts of an array of turbines 
in the Severn estuary and Bristol channel (United Kingdom) with a 2D hydro-environmental 
model.  Shapiro [33] analysed the effects of power extraction on the circulation at the Celtic 
Sea with a 3D model. Plew and Stevens [49] applied the same methodology in a 2D model to 
analyse the effects on the currents of a tidal farm located at the Tory Channel (New 
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Zealand).  Perez-Ortiz et al. [88] analysed the electric power generated from a farm in the 
Inner Sound at the Pentland Firth (United Kingdom) with a 2D model. 
Enhanced bottom drag 
In this two-dimensional approach, power extraction by turbines is approximated by an 
equivalent increase in bottom friction in a given area.  Assuming a quadratic seabed drag, the 
force exerted by the seabed with a non-dimensional seabed-friction coefficient Cd across an 
area Af is [31]: 
= | ⃗| ⃗  (3.41) 
If tidal turbines are implemented in the area Af, the additional force exerted by tidal turbines 
on the flow is: 
= | ⃗| ⃗  (3.42) 
where kf is the equivalent seabed friction coefficient due to the presence of turbines in the 
area Af.  The final friction coefficient Co at the area Af is the sum of the natural friction 
coefficient and that accounting for the presence of turbines: 
= +  (3.43) 
This methodology of power extraction has been employed in two-dimensional models by 
Karsten et al. [56] and Sutherland et al. [31] to assess limits to power extraction in the Minas 
Passage in the Bay of Fundy (Canada) and the Johnstone Strait between the west coast of 
Canada and Vancouver Island. 
If there are NT turbines in Af, it is possible to determine kf by equating Eqs. (3.38) and (3.42) 
as: 





The above equivalent horizontal seabed drag coefficient distributes uniformly the force 
exerted by NT turbines on the flow across the area Af.  If turbine thrust and drag coefficients 
are velocity dependent, kf may change across the farm area. 
If there is sufficient mesh refinement, both momentum sink and enhanced seabed drag 
methods permit the specification of a profile of turbine density within the array area. 
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Yand and Wang [99] compared the methodologies of momentum sink and enhanced seabed 
drag to account for power extraction against the analytical model of Garrett and Cummins 
[11].  Both methods gave very similar results in agreement with the predicted values by 
Garrett and Cummins. 
3.2.2.2 Individual turbine 
There are currently two approaches used in the SWEs to include power extraction from 
individual devices: enhanced drag and linear momentum actuator disk theory. 
Enhanced drag 
This approach uses the methodology presented in Section 3.2.2.1 but in this case there are 
individual areas of drag accounting for each turbine in the array; i.e. NT = 1 and Af is equal to 
the footprint of a turbine.  This method is computationally more expensive than the 
distributed drag approach as it requires high levels of mesh refinement to resolve turbulence 
at turbine and sub-turbine scale.  As described by Baston et al. [100], here the size of the 
mesh elements should be small enough to have at least one element per turbine and there 
should be more than one additional mesh element between turbines to allow for flow 
diversion around turbines.  With sufficient mesh refinement in the turbine wake zone, this 
approach can account for power lost to mixing behind turbines and the array.  Individual 
power extracted by turbines is computed based on local flow velocity and power from each 
device is added to compute total array power. 
This methodology to represent individual turbines has been used by Funke et al. [101] and 
Divett [102] to optimise the farm layout in a two-dimensional model where turbines were 
assumed to have constant drag and thrust coefficients.  Martin-Short et al. [75] included 
realistic drag and thrust curves to assess the effects of power extraction in sediment 
transportation at the Inner Sound, a strait between isle of Stroma and north coast of Scotland.  
Peyrard et al. [103] compared the wakes generated from an increase in drag over an element 
and from a rectangular obstacle and concluded that both wakes were very similar. 
The choice of area Af and the inverse relationship with the local velocity and turbine 
extracted power have been discussed by Kramer et al. [104].  If Af is large compared to the 
footprint of the turbine, the additional drag density due to the presence of turbine is small 
compared to the background bottom drag, and local velocity is close to free stream 
velocities.  On the contrary, small values of Af mean high turbine drag density and therefore 
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lower velocities and estimates in the power extracted by the turbine.  Kramer et al. suggested 






1 + 1 −
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and Δy is the numerical cell width. 
Linear momentum actuator disc theory  
Actuator disk theory provides a simple one-dimensional approach for rotor modelling to 
compute rotor thrust and extracted power from the flow based on the upstream free stream 
velocity.  This approach, used in wind energy for an isolated turbine [14], was extended by 
several authors to make it more valid for tidal turbines.  Garrett and Cummins [44] looked at 
a row of tidal turbines in a one-dimensional channel with constant free surface, whilst 
Whelan et al. [105] characterised the flow field around an actuator disk in an open channel 
with non-uniform free surface profile.  Whelan et al.’s theory was furthered  by Houlsby et 
al.[106] to include downstream mixing (Figure 3.2).  Draper et al. [107] applied Houlsby et 
al.’s linear momentum actuator disc theory (LMADT) to a depth-averaged numerical model, 
where three parameters are used to define tidal turbines: the dimensionless change in depth 
for a given Froude number, defined as the ratio of the flow inertia to the external field; the 
blockage ratio, defined as the proportion of the channel cross-section occupied by the 
actuator disk; and a wake induction factor which enables computation of the velocity 
downstream of the turbine based on the free-stream velocity. 
The approach by Draper et al. [107] has been used by Draper [13] and Draper et al. [41] to 
characterise the extractable power in idealised coastal sites such as a channel linking two 
infinite ocean basins, a channel linking an ocean basin and a resonant basin, and a headland.  
Adcock et al. [51] applied this methodology to estimate the extractable power of the 
Pentland Firth.  Serhadlıoğlu et al. [62] used LMADT to assess the tidal resource off the 




Figure 3.2. LMADT in an open channel flow with non-uniform free surface profile and downstream 
mixing [106]. 
3.2.2.3 Discussion on power extraction methodologies 
The main advantage of the distributed drag approaches is that they are easily implemented in 
a numerical model.  In the resource characterisation of an idealised headland, Draper [13] 
showed that when the area with increased distributed drag reduces to a thin strip, both 
distributed drag and LMADT methods yield similar power extraction figures.  Vennell et al. 
[35] concluded that these methods are suitable to estimate the maximum power that can be 
extracted from a channel, referred to as the channel’s potential.  However, Vennell et al. also 
highlighted two key disadvantages of the distributed drag approaches: 
 Difficulty to link the power extraction levels to the number of turbines required to reach 
it.  The use of realistic drag and thrust curves of isolated turbines can improve the 
estimation of the number of turbines [49], however they cannot take into account 
changes to local velocities induced by blockage effects and acceleration of flow 
bypassing turbines. 
 Mixing losses are not accounted for at turbine scale. 
Mixing losses and bypass flow acceleration can be captured by representing individually 
turbines as an increase of drag and applying a correction factor to their footprint as suggested 
by Kramer et al. [104].  However, this method does not take into account partial blockage of 
the water column and significantly increases the computational requirements as the mesh 
size should be of the order of the turbine footprint or less.  
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Draper et al. [108] relates the methodology employed to account for power extraction to the 
mesh size used in the model.  When wake length scale is much smaller than the mesh size, it 
becomes physically realistic to use LMADT to account for power extraction [55].  The use 
of uniformly distributed enhanced drag is a suitable approach when mesh size is of the order 
of the turbine wake length [108]. 
The aim of this study is to understand the limits to power extraction, or the potential, of a site 
in the vicinity of an island near a landmass.  Determining the equivalent number of turbines 
to the level of power extracted will require individual turbine modelling and this is highly 
computationally demanding.  As such, the distributed drag approach is used as it is 
considered to provide sufficient accuracy to determine the limits to power extraction. 
3.2.3 Final equation 
Assuming negligible atmospheric pressure gradients (no atmospheric pressure term 
considered), the non-conservative form of the SWE solved using the finite element 
numerical code Fluidity [98] are: 
+ (ℎ ) + (ℎ ) = 0 (3.47) 
+ + = − + +
−
ℎ
+ +  (3.48) 
+ + = − − +
−
ℎ
+ +  (3.49) 
When power extraction level kf by tidal turbines is included, this is added to the parameter Cd 
in the friction terms  and  as Cd + kf. 
3.2.4 Limitations of the shallow water equations 
Numerical models based on solution of the SWEs have the following limitations [13] [35] 
[109]  [110]: 
 They do not allow for the development of a shear profile due to bottom friction.  
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 The use of a depth-averaged velocity cannot account for changes in turbine output and 
wake mixing behind the turbine associated with the rotor position within the water 
column. 
 They only account for lateral turbine bypass flow, i.e. not that above and below the 
turbine rotor. 
 Depth-averaged velocities unable to account properly for turbulence behind turbines and 
energy dissipated from the flow. 
 They are unable to capture secondary flows originating from complex island geometries 
(e.g. conical islands) which can impact the flow speeds and directions experienced by 
turbines.  This limitation is explained in further detail in Section 4.8. 
The above limitations can be overcome by solving the unsteady Navier Stokes equations in a 
three-dimensional system.  However, discretising the water column in multiple layers comes 
at a high computational cost.  In the present study, the characterisation of the limits to power 
extraction in the strait between an island and landmass is performed with a SWE numerical 
model, as this presents a reasonable compromise between the accuracy of the solution and 
the use of computational resources. 
3.3. Numerical code Fluidity 
Fluidity [98] is an open-source computational fluid dynamics (CFD) code developed at 
Imperial College London able to solve the Navier Stokes equations and SWEs on fully 
unstructured meshes, that has been extensively used in ocean modelling [111] [112].  
Moreover, Martin-Short et al. [75] have used the SWE version of Fluidity to model tidal 
power extraction and assess the effects on flow regime and sediment transportation in the 
Inner Sound. 
Fluidity was selected for use in this project for several key reasons: 
 It is open source and in continuous development. 
 Multi-scale code capable of modelling from basin to turbine scale. 
 Use of advanced finite-element methods (Section 3.3.1). 
 Can run on unstructured and structured meshes (Section 3.3.2). 
 It is largely scalable (Section 3.3.2). 
This section details the main numerical formulation and configuration of Fluidity, for further 
information the reader is referred to [98], [111], [112], and [113]. 
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3.3.1 Numerical schemes: the finite element method 
No known analytical solution exists for the SWE in the form of Equations (3.47)-(3.49) and 
so a numerical scheme is used to approximate the solution.  There are three schemes widely 
used in numerical, coastal models: 
 Finite element method (FEM), used in Fluidity [98], TELEMAC [114] and Adcirc [115]. 
 Finite difference method (FDM) used in Delft3D [116], ROMS [117] and MIKE21 
[118]. 
 Finite volume method (FVM) used in FVCOM [119] and MIKE3 [120]. Note that 
Fluidity and TELEMAC can also be configured to use this numerical scheme. 
Comprehensive overviews of the three methods and their differences are given by Petrila and 
Trif [121] and Kundu and Cohen [122]. 
The FEM aims to convert a continuous problem to a discrete problem, which then can be 
solved numerically.  There are two stages in the discretisation of a system of equations using 
FEM: 
 A mesh is created by splitting the domain into a finite number of sub-spaces. 
 Finite-dimensional functions are then used to construct the solution at each sub-space. 
The mesh and functions create a discrete space in which the continuous solution is projected. 
The FEM process is outlined below for a one-dimensional problem [123].  Given the 
function ( ) in a domain ∈ [ ⋯ ] defined by the following differential equation: 
( )
= ( ) (3.50) 
With the following boundary conditions ( ) =  and ( ) = .  Equation (3.50) is in so-
called strong form as ( ) needs to be twice continuously differentiable.  Equation (3.50) is 




= ( ) ( )  (3.51) 
Which after integration by parts of the left-hand side of the equation results in:  
( ) ( )
+ ( ) ( ) = 0 (3.52) 
The function y(x) is now continuously differentiable, and so Equation (3.52) is in its in weak 
form.  However, now ( ) must be differentiable. 
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If the domain based on xn nodes or degrees of freedom is discretised in n subdomains called 
elements, the solution of ( ) can be approximated at each subdomain by , such as: 
( ) = ( )  (3.53) 
where  is the shape function used to interpolate the points within each segment of the 
domain, typically piecewise polynomials (e.g. constant, linear, quadratic).  The value of  is 
different on every segment ending in node i, and is zero outside these segments.  Moreover, 
the shape function is defined such as ∑ = 1.  Figure 3.3 plots the one-dimension linear 
and quadratic shape functions on a regular mesh defined such that it is equal to 1 at node i 
and equal to 0 on the other nodes, this is known as a Lagrange polynomial.  In two 
dimensions, using linear interpolation and triangle elements, the shape function ( , ) is 
written as + + , where a, b, and c are defined so that =1 and 0 elsewhere. 
 
Figure 3.3. Lagrange linear (solid line) and quadratic (dashed line) shape function in one dimension. 
Convergence of the solution in FEM is performed by hp-refinement [124].  In h-refinement, 
convergence is achieved through a reduction in the mesh-element size while the  
polynomial order is kept constant within each element. In p-refinement, the  polynomial 
order is increased while mesh element size is kept constant. 
Substituting Equation (3.53) into Equation (3.52) results in: 
( ) ( )
+ ( ) ( ) = 0 (3.54) 
If the trial function ( ) is defined as: 
( ) = ( )  (3.55) 
Where = [ ⋯ ]  are arbitrary values given at the discrete points.  Equation (3.54) 
becomes: 
( ( ) ) ( )
+ ( ) ( ) = 0 (3.56) 
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Rewriting Equation (3.56): 
( ) ( )
+ ( ) ( ) = 0 (3.57) 
Equation (3.57) must hold for all arbitrary values of , accordingly: 
( ) ( )
+ ( ) ( ) = 0 (3.58) 
Which is a linear system of the form = , where k and f are respectively: 
=
( ) ( )
 




The linear system can be resolved by adding the known values at the boundary conditions 
=  and = . 
Equation (3.58) in continuous space is discretised for each element e between consecutive 
nodes xi and xj: 
( ) ( )
+ ( ) = 0 (3.60) 
If local shape functions and their derivatives are substituted into Equation (3.60), and the 
sum over all elements is assembled in a global matrix, this results in: 
= = =  (3.61) 
The above has included a simple example of the application of the FEM, a detailed 
development of FEM applied to the SWE can be found in Hervouet [86] for TELEMAC 
[114] and in [98] for Fluidity. 
In FEM, a Galerkin method is one where the same trial and shape functions are used.  If 
these functions are restricted to polynomials of degree ≤ , these are known as PN 
discretisations.  In the Continuous Galerkin (CG) discretisation, the polynomials are 
continuous between elements and boundary nodes are shared between element neighbours 
(Figure 3.4a).  When element boundary nodes are not shared between element neighbours 




Figure 3.4. Two dimensional (a) piecewise quadratic CG and (b) piecewise linear DG polynomials.  
Triangular elements contain six and three nodes in CG and DG discretisations respectively.  
In Fluidity [98], the continuous and discontinuous Galerkin methods are available for 
velocity and the continuous Galerkin for pressure to discretise the momentum equation.  
Arbitrary degree polynomials PN can be used for both variables.  Several combinations of 
velocity and pressure element pairs are available.  For large scale ocean applications Cotter 
et al. [125] found that the P1DGP2 (P1 discontinuous Galerkin for velocity and P2 continuous 
Galerkin for pressure, Figure 3.5) provides excellent geostrophic balance properties [126] 
when applied to linear SWE and convergence is quadratic with element edge length. 
 
Figure 3.5. Distribution of velocity (white) and pressure (black) nodes in the element pair P1DGP2 in 
two dimensions.  Each element contains three velocity nodes and six nodes for the pressure shared 
across element boundaries [125]. 
3.3.2 Spatial discretisation 
The meshes used in Chapters 4, 5 and 6 are generated with Gmsh [127], a tool capable of 
generating two and three-dimensional regular and unstructured meshes (Figure 3.6).  The 
inherent flexibility of triangular mesh elements is useful to represent irregular boundaries 
(e.g. coastal lines).  Moreover, the use of unstructured elements allows local increase of 
mesh resolution minimising the number of elements in the domain and increasing 
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computational expediency.  However, links between unstructured elements require explicit 
storage, thus increasing computer memory requirements and cost of accessing the data.  In 
regular mesh elements, the area of each element is well defined and suitable for application 
of uniform terms such as stresses (i.e. power extraction).  Furthermore, this reduces the 
computer requirements as elements’ connectivity is implicitly known. 
 
Figure 3.6. Regular biased right isosceles triangles (left) and unstructured triangles (right) mesh types 
generated with Gmsh [127].   
Examples of numerical codes employing unstructured mesh models are TELEMAC [114] 
and MIKE21 [118].  Delft3D-Flow [116] is a three-dimensional numerical model that is 
restricted to structured mesh as it uses the finite difference method scheme.  In Fluidity [98], 
both structured and unstructured mesh types are supported. 
Moreover, the choice of pair-element is linked to the mesh employed.  Two meshes are 
required when using the P1DGP2 discretisation: a P1DG mesh and a P2 mesh.  These two 
meshes are derived from the Gmsh input mesh, for more details on the mesh derivation 
process the reader is referred to the Fluidity manual [98]. 
To increase computational speed, Fluidity is capable of running in parallel using multiple 
processors.  Mesh decomposition involves the division of the mesh in multiple blocks with 
relatively similar number of elements (Figure 3.7), and each single block is assigned to a 
processor.  There are two types of nodes in each block: 
 Owned, where the values of fields on the nodes depend on the solution within the block. 
 Non-owned, here the value of fields on the nodes depend on the solution in an adjacent 
block. 
The overlapping regions between mesh blocks contain both the non-owned nodes and nodes 




Figure 3.7. Partition of an unstructured mesh around a NACA0025 aerofoil into four blocks 
(coloured) [98]. 
3.3.3 Temporal discretisation  
Fluidity solves the system of non-linear equations with an algorithm based on the non-linear 
Picard iteration scheme.  In this scheme, the best available solution of the variables is used to 
solve each equation.  The process is repeated for a set number of times or until solution 
convergence is reached  [98] [111]. 
The momentum equation is temporally discretised implicitly using the backward Euler 
scheme [128]. 
= + ( , )∆  (3.62) 
where n and n + 1 are the current and next steps respectively, ∆  is the time step and 
( , ) is the function value at step n + 1. 
The advantage of implicit schemes is that they are unconditionally stable and can handle 
large time steps albeit at greater computational cost.  However, the choice of time step 
should consider the timescale of the physical process of interest [98].  This increase in 
numerical stability implies that, contrary to explicit schemes, stability of the numerical 
solution is insured for higher Courant-Friedrichs-Lewy (CFL) numbers [129].  The CFL 
number is defined as the time required ∆  by a particle to travel across a mesh element of 







Moreover, for dependent variables the solutions at steps n and n + 1 might be used.  In 
Fluidity [98], the choice between the two solutions is made using the non-linear relaxation 
parameter  ∈ [0,1] implemented for the depth-averaged stream-wise velocity as: 
= + (1 − )  (3.64) 
A value of = 1 is used throughout this thesis. 
3.3.4 Linear solvers 
The discretisation of the solution made in Section 3.3.1 allows setting the problem as a 
system of linear equations of the form: 
=  (3.65) 
where A and b are known and a contains the unknown variables. 
In FEM, the derived matrices are sparse because only include base coefficient connecting 
neighbours, which leads to low use of memory, hence use of iterative methods can be used to 
solve the system of linear equations.  Iterative methods approximate the solution of ak to the 
exact solution a by computing at each iteration the residual rk of the solution as: 
= −  (3.66) 
The iterative process continues until the residual value falls below a user specified tolerance 
or the maximum number of iterations is reached. 
Several solvers and pre-conditioners are available in Fluidity through the PETSc library 
[130].  Following Fluidity guidelines [98], this thesis employs a Generalised Minimal 
Residual Method (GMRES) solver with a Successive Over-Relaxation (SOR) pre-
conditioner for the velocity and pressure fields.  The tolerance in the error solution and 
maximum number of iterations are specified to 10-7 and 1,000 respectively for both fields. 
3.3.5 Boundary conditions  
The boundary conditions represent the known solution of the linear system shown in Eq. 
(3.65).  Throughout this thesis, two main types of boundary conditions are implemented in 
the SWE domains: solid and open. 
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Three solid boundary conditions are utilised in this thesis: free-slip condition, also referred 
as no-normal flow or reflective boundary condition, imposes a zero normal velocity to the 
boundary as shown in Eq. (3.67) and the tangential velocity is equal to the velocity at the 
wall; the frictional wall condition also imposes a zero normal velocity and adds an additional 
frictional force to the momentum equations that is treated numerically and computed as the 
bottom friction [131]; and a no-slip condition, which imposes a zero normal velocity and a 
zero tangential velocity at the wall ( = = 0): 
⃗ ∙ ⃗ = 0 (3.67) 
where ⃗ is the outward facing normal vector to the boundary. 
Open boundaries can be inlet/outlet velocity or free surface elevation. Inlet/outlet velocity 
boundaries allow the definition at the inlet sections of a prescribed inlet/outlet flow velocity.  
Time series of free surface elevations or velocities are commonly used in basin-scale coastal 
hydrodynamics models and are known as clamped boundaries.  Free surface elevation time 
series are obtained from larger numerical models or observations.  For applications in actual 
coastal sites, databases of harmonic constituents derived from observations are available.  
The European Shelf Solution from Oregon State University [132] and Finite Element 
Solution – Global Tide (FES 2012) from Legos [133] are two databases covering the U.K. 
waters. 
The use of clamped boundaries present the main disadvantage that the prescribed time series 
are based on observations and thus, cannot incorporate reflections (i.e. outgoing waves) 
originated within the domain by for example tidal power extraction [134].  This problem is 
believed to have been first detected by Garrett and Greenberg [135] in their study of the Bay 
of Fundy.  Offshore deep water conditions at open boundaries have been used to represent 
continental shelf domains by Adcock et al. [136] for tidal stream power extraction and by 
Zhou et al. [137] for a tidal barrage on the Severn Estuary.  The increase of water depth 
attenuates reflections generated from power extraction to reach the open boundaries, as they 
are reflected back onto the shelf. 
Moreover, when no free surface elevation or velocity value is imposed at the open 
boundaries, they are defined with a free-stress condition [98], also referred to as “do-nothing 
boundary condition”, in which the derivative of the velocity is set to zero. 
The presence of tidal flats in the domain, which are areas that can be submerged or 
uncovered depending on the tide level, represent a special case of boundary condition.  The 
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solution used in this thesis is to limit the value of water depth to a threshold [98], which is 
set based on the maximum tidal amplitude observed in the numerical domain.  More accurate 
wetting and drying mechanisms in SWE which are not currently available in Fluidity are 
discussed by Medeiros and Hagen [138]. 
3.4. Summary 
This chapter has described the derivation of the SWEs from the three-dimensional continuity 
and Navier Stokes equations, noting external forces added to the SWEs which are relevant to 
tidal site modelling when carrying out a resource assessment.  Tidal resource assessment 
based on the solution of the SWE and three-dimensional Navier-Stokes equations has been 
discussed.  Higher accuracy is achieved with three-dimensional models although at the 
expense of high computational requirements.  SWE models are found to provide a 
reasonable compromise between accuracy of solution and use of computational resources. 
The chapter also discussed power extraction methodologies available in SWE models.  Here, 
the distributed drag approach is chosen instead of the more computationally demanding 
individual turbine representation because the aim of this study is to understand the limits of 
power extraction in a strait between an island and landmass and how these are affected by 
local site parameters and not by turbine interactions.  The second part of the chapter has 
outlined the Finite Element Method numerical scheme employed in Fluidity.  The numerical 
configuration of the numerical model Fluidity used in this thesis was explained, including 
the characteristics of the P1DGP2 element pair, spatial and temporal discretisation employed, 
linear solvers utilised, and boundary conditions considered.   
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4. Verification and validation of resource 
assessment methodology 
4.1. Introduction 
Use of a numerical model to simulate a physical domain requires a priori verification and 
validation tests to be undertaken to guarantee the model is mathematically correct and the 
results are physically relevant.  This process ensures that the correctness of the solutions is 
not disrupted by the numerical error inherent in solving the governing equations or 
simplifications made when idealising the actual physics.  Verification involves comparison 
between the numerical predictions and analytical solutions of the (usually simplified) 
mathematical equations on which the model is based.  Validation of the numerical model 
assesses the capability of the model to reproduce correctly the key physics, and is carried out 
using data obtained from laboratory experiments that resemble the actual conditions.  
Successful completion of the verification and validation of the numerical model is a 
necessary prerequisite to application to other domains. 
This chapter presents a series of verification and validation tests of the resource assessment 
methodology employed in Chapter 5 to assess the power that can be extracted from an 
island-landmass coastal site.  Unless otherwise stated, the tests are implemented using the 
Fluidity shallow water equations solver.  This chapter is divided as follows.  Section 4.2 
presents the verification of Fluidity for steady subcritical open channel flow over a hump.  
Sections 4.3 and 4.4 verify the mathematics of Fluidity to model the coastal domain of an 
island and a coastline.  Section 4.3 verifies the solution from Fluidity for inviscid flow past a 
cylinder against potential flow theory [87].  Section 4.4 expands the analysis to include a 
wall using the method of images.  Sections 4.5, 4.6 and 4.7 validate the physics of Fluidity to 
model the flow past a submerged circular cylinder through comparison against experimental 
and numerical data.  Section 4.5 validates the Fluidity solution for a impulsively started flow 
past a cylinder at a Reynolds number Re = 40 against experimental results from Coutanceau 
and Bouard [139].  Section 4.6 validates the numerical results obtained from Fluidity for 
impulsively started unidirectional flow past a cylinder at Re = 100 against semi-analytical 
results obtained by Collins and Dennis [140].  Section 4.7 visually compares the streamlines 
behind the cylinder at Re = 5,000 against those experimentally observed by Bouard and 
Coutanceau [141].  Section 4.8 validates Fluidity for shallow laminar oscillatory flow past a 
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surface piercing circular cylinder by comparing predictions against experimental 
measurements by Lloyd et al. [69].  Section 4.9 verifies the power extraction methodology 
implemented in Fluidity against the one-dimensional channel analytical models by Bryden 
and Couch [15] and Garrett and Cummins [11].  Finally, Section 4.10 expands the 
verification of the power extraction methodology to two-dimensional domains through 
comparison against analytical and numerical solutions from Garrett and Cummins [142]. 
4.2. Flow over a hump 
Non-uniform bed topography alters the flow velocity and free surface elevation profiles.  
This test assesses the capability of Fluidity to account for a non-uniform bed.  The solution 
from Fluidity is verified against Bernoulli’s equation for a hump along a channel. 




where u is the stream-wise depth-averaged velocity component in m/s, g is the acceleration 
due to gravity in m/s2 and h is the water depth in m.  The Froude number demarks whether 
the flow regime is subcritical Fr < 1, critical, Fr = 1, or supercritical Fr > 1. 
For steady flow over a frictionless hump (Figure 4.1), the changes in free surface elevation 
and mean flow velocity that occur between an upstream station and one at the crest of the 
hump can be represented using continuity and Bernoulli’s energy equations [143]: 




+ ℎ + ∆  (4.3) 
Replacing u2 in the energy equation leads to a third order polynomial equation with h2 as the 
unknown, which can be solved using the Newton Raphson method. 
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Figure 4.1. Definition sketch of subcritical flow over a hump. 
The numerical model consists of a rectangular channel domain with the following 
geometrical characteristics:  Length L = 10,000 m, width B = 1,000 m, downstream water 
depth h = 40 m.  The hump along the channel of height Δz = zmax = 1m (Figure 4.2) is defined 
by the following Gaussian distribution: 
= exp −
− 2  (4.5) 
where z is the bed elevation vertically above a fixed horizontal datum and x is the horizontal 
coordinate in the stream-wise direction. 
 
Figure 4.2. Channel bed profile with a Gaussian hump. 














The numerical model presents four boundaries in plan.  An inlet velocity condition of u1 = 
U∞ = 3 m/s in the x direction is prescribed at the west upstream inflow boundary.  A zero 
pressure condition and depth h2 = 40 m is set at the eastern outflow boundary.  The north and 
south boundaries are lateral walls represented using a free-slip condition.  The bed and side 
walls of the channel are frictionless (non-dimensional friction coefficient Cd = 0).  The 
kinematic viscosity ν is set to zero.  The initial velocity mesh field is set to a uniform value 
u(x, y) = u1 over the entire domain. 
An unstructured mesh based on triangular elements is used to discretise spatially the domain.  
A convergence analysis of the numerical solution of flow over a hump is carried out using 
five meshes.  Table 4.1 lists the set element edge length size and resulting number of mesh 
elements for the five mesh cases. 
Mesh Element edge length size (m) Mesh elements 
1 1,600 50 
2 800 82 
3 400 230 
4 200 716 
5 100 2,852 
Table 4.1. Element edge length size and number of mesh elements for the five mesh cases analysed. 
Figure 4.3 shows the unstructured mesh for Mesh 5 from Table 4.1 with a 100 m element 
edge length. 
 
Figure 4.3. Unstructured mesh case 5 with element edge length of 100 m. 
Flow conditions are switched on instantaneously.  The model is run for a period of time of 
90L/u1 = 300,000 s by which time the velocity values have converged to within 10-5 m/s.  
For the mesh cases analysed, Table 4.2 shows the absolute error in the computation of the 








where φ is the variable which error is being analysed and N is the number of dataset points. 
Mesh Error free surface x 10-6 (m) Error velocity x 10-6 (m/s) 
1 193.3 766.9 
2 79.4 180.4 
3 19.5 60.2 
4 7.1 13.9 
5 6.1 4.5 
Table 4.2. Absolute error in the numerical free surface and velocity predictions by comparison with 
the analytical solution from Bernoulli’s equation for the five mesh cases considered. 
The absolute error of both variables decreases as the number of mesh elements increases.  
Figure 4.4 and Figure 4.5 compare the analytical and Fluidity-computed free surface δ and 
stream-wise depth-averaged velocity u profiles.  Solutions are shown in terms of the x 
coordinate and centred at y = B/2. 
 
Figure 4.4. Free surface profile for steady flow over a hump: Mesh 1 (square); Mesh 3 (plus sign); 
Mesh 5 (circle); and analytical solution from Bernoulli’s equation (solid line). 



















Figure 4.5. Mean flow depth-average stream-wise velocity profile for steady flow over a hump: Mesh 
1 (square); Mesh 3 (plus sign); Mesh 5 (circle); and analytical solution from Bernoulli’s equation 
(solid line). 
4.3. Inviscid flow past a circular cylinder  
The flow dynamics around the island are of particular importance for the correct assessment 
of the resource between the island and the semi-infinite landmass.  If the island is considered 
circular, it can be modelled as a circular cylinder in the shallow water equations.  This 
section verifies the solution obtained using Fluidity against the potential flow solution [87] 
for flow past a circular cylinder. 
Potential flow theory [87] predicts the following velocity stream function ψ for flow past a 




where U∞ is the free stream velocity and Rc is the radius of the circular cylinder. 
















Figure 4.6. Streamlines of flow past a circular cylinder centred at the origin and without circulation.  




The solution for flow past a circular cylinder centred at the origin is obtained from the 
combination of a uniform stream in the x direction and the superposition of a source plus an 
equal sink. 
A uniform stream in the x direction u = U∞ is defined in terms of the stream and velocity 
potential functions as: 
= = =   = 0 = = −  
Integrating the expression of the velocity in the x direction, the stream function for a uniform 
stream results in: 
=  (4.9) 
In the case of a superposition of a source plus and equal sink, a source +m at (x, y) = (-ad, 0) 
is combined with a sink of equal strength an opposite sign –m, located at (x, y) = (+ad, 0).  In 
this case, the resulting stream function is: 













For small values of ad, this is referred to as a doublet. If the product 2adm, which is the 
doublet strength, remains constant and is replaced by λ, the stream function and velocity 












Figure 4.7 plots the stream function of a doublet centred at the origin. 
 
Figure 4.7. Streamlines for a doublet centred at the origin. 
The doublet strength λ has units of velocity times length squared and can be substituted by 
the product . 
Finally, the stream-wise and transverse velocity components u and v for flow past a circular 
cylinder are derived from the stream function as: 








From the above expression, it is possible to determine the stream-wise velocity profile along 
the y axis centred at x = 0 as: 
(0, ) = 1 +  (4.15) 
From the above expression, for a free stream velocity U∞, the values of the stream-wise 
velocity at the edges of the cylinder and in the free stream are 2U∞ and U∞ respectively. 
Figure 4.8 shows the domain geometry.  A cylinder of diameter Øc = 2,000 m is centred 
midway across the domain in the transverse direction.  The domain length L and depth h are 
set to 25Øc and 0.02Øc respectively.  The width of the domain B is set such that the ratio of 
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cylinder diameter to domain width of 0.07.  The cylinder is located 10Øc downstream of 
western inflow boundary.  The selected model dimensions are within the shallow water 
assumption. 
 
Figure 4.8. Rectangular model geometry of length L and width B, containing a cylinder of diameter 
Øc, with five boundaries and two mesh regions. 
Five boundaries are defined in the model: Γ1 is the open inlet boundary at the west end of the 
domain; Γ4 is the open outlet boundary at the east end of the domain; Γ2 and Γ3 are the north 
and south lateral wall boundaries; and Γ5 is a solid boundary representing the cylinder.  The 
free stream velocity value U∞ = 2 m/s in the positive x direction is prescribed at Γ1.  The 
model is initialised with zero velocity throughout the mesh.  The inlet velocity is then 
ramped up from zero to U∞ over a time period of 25Øc/U∞ s to minimise numerical 
perturbations at this boundary that could contaminate the simulation.  A zero pressure 
boundary condition is set at the eastern boundary Γ4.  A free-slip condition is applied to solid 
boundaries Γ2, Γ3 and Γ5. 
An unstructured triangular mesh with variable edge length is used to discretise the domain.  
Six different meshes are considered in the mesh convergence analysis.  The longitudinal 
position of the cylinder specifies the upstream and downstream mesh regions (Figure 4.8).  
In addition, a specific element edge length is set at the boundary of the cylinder.  Table 4.3 
lists the element edge length used for each region in the six mesh cases analysed and the 





 Element edge length  
Mesh Upstream from cylinder Downstream from cylinder Cylinder Mesh elements 
1 Øc 3Øc /4 π Øc /12 1,786 
2 Øc /2 3Øc /8 π Øc /28 7,638 
3 Øc /4 3Øc /16 π Øc /36 31,864 
4 Øc /4 3Øc /16 π Øc /76 41,696 
5 Øc /4 3Øc /16 π Øc /156 52,702 
6 Øc /4 3Øc /16 π Øc /316 68,494 
Table 4.3. Mesh convergence analysis: element edge lengths and total numbers of mesh elements. 
 
Figure 4.9. Unstructured triangular mesh 2 used to simulate inviscid flow past a cylinder. 
The mesh cases listed in Table 4.3 are run in Fluidity in inviscid flow conditions with no 
drag applied at the domain bed.  In each case, the time step is selected according to the CFL 
<1 stability criterion.  The solution was considered to converge when variation in the 
velocity field was in the order of 10-3 m/s.  Solution convergence was reached after a time 
period of four times the ramping up time period. 
Figure 4.10 shows the streamlines for inviscid flow past a circular cylinder, predicted by 




Figure 4.10. Streamlines computed with Fluidity using Mesh 6 for inviscid flow past a cylinder and 
analysed cross-section at cylinder’s centre plane (dashed line). 
Table 4.4 lists the absolute error (using Eq. (4.6)) in the predicted stream-wise velocities 
along the transverse axis at the stream-wise coordinate corresponding to the centre of the 
cylinder for different numbers of mesh elements.  In general, an increase in mesh refinement 
decreases the difference between the numerical and analytical solutions.  For Mesh 3 and 
above, the mesh is only refined further in the vicinity of the cylinder.  This may explain why 
there is no decrease in the error of the numerical solution between Mesh 3 and Mesh 4.  
Mesh 5 and Mesh 6 show a significant reduction in the error of the numerical solution 
compared to the other meshes. 
Mesh 1 2 3 4 5 6 
Error [m/s] 0.0018 0.0013 0.0011 0.0014 0.0007 0.0006 
Table 4.4. Absolute error in the computation of stream-wise velocities along the transversal axis at 
stream-wise coordinate correspondent to the centre of the cylinder in Fluidity against the predicted 
values by the potential flow theory for the six mesh cases analysed. 
Figure 4.11 compares the predicted stream-wise velocity along the transverse axis at 
cylinder’s centre plane (Figure 4.10) using Mesh 6 with the analytical solution.  The cylinder 
is located between y/Øc coordinates -0.5 and 0.5.  Good agreement is observed between 
numerical and analytical solutions.  The use of a non-structured spatial discretisation scheme 
may explain the minor asymmetry observed in the stream-wise velocity profile between the 




Figure 4.11. Transverse profile of stream-wise velocity at cylinder centre plane for flow past a circular 
cylinder: Fluidity using Mesh 6 (circle); and analytical solution (solid line). 
4.4. Inviscid flow past a circular cylinder in the presence of 
a wall 
This section verifies the numerical model for potential flow past a cylinder in the vicinity of 
a solid wall using the method of images.  Here, the effect of a nearby wall on the flow past 
an object is modelled by inserting a symmetrical mirror image on the opposite side of the 
wall at an identical offset from the wall.  Figure 4.12a shows a doublet representing the 
cylinder centred at a distance bd above the virtual wall and a doublet image of equal strength 
centred at a distance bd below the virtual wall.  The mirror image flattens the streamlines as 
they approach the virtual wall and transverse velocity components are cancelled out resulting 
in a plane-surface streamline which resembles a free-slip wall.  The resulting stream function 
from the combination of a uniform flow defined by a velocity component U∞ in the x 
direction with two doublets of equal strength  centred at the Cartesian coordinates 
(0,bd) and (0,-bd) is given by (Figure 4.12b): 
= + +  
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Figure 4.12. (a) Streamlines of two doublets centred at a distance bd above and below a virtual wall 
(solid black line). Streamlines are flattened as they get closer to x axis as transverse velocity 
components are cancelled out. (b) Streamlines of a uniform flow in the x direction combined with two 
doublets of equal strength positioned at a distance bd above and below the wall respectively. 
From the above stream function, the stream-wise and transverse velocity profiles along the y 
axis centred at x = 0 are as follows: 







(0, ) = 0 (4.18) 
Figure 4.13 shows the model domain, which has the same length and depth as that used in 
Section 4.3.  The model width is doubled to keep the blockage ratio of the rectangular 
channel constant at 0.07.  The cylinder and its image are centred at a distance 1.5Øc above 
and below the mid-transverse section of the rectangular domain and 10Øc downstream of 




Figure 4.13. Model geometry used to simulate flow past a cylinder near a wall, using Fluidity. 
The model has six boundaries.  Compared to the model of Section 4.3, the new image 
cylinder adds a new solid boundary Γ6, defined with a free-slip condition.  Boundary 
conditions at inlet and outlet are the same as in Section 4.3.  No viscosity or seabed friction 
is implemented. 
A convergence analysis is performed using six unstructured triangular meshes, as listed in 
Table 4.5.  Again there are three mesh regions (Figure 4.13): upstream of the cylinders; 
downstream of the cylinders; and in the vicinity of the cylinders.  Figure 4.14 shows Mesh 1 
to model inviscid flow past a cylinder and its image. 
 Element edge length  
Mesh Upstream from cylinders Downstream from cylinders Cylinders Mesh elements 
1 Øc 3Øc /4 π Øc /12 3,184 
2 Øc /2 3Øc /8 π Øc /28 13,332 
3 Øc /4 3Øc /16 π Øc /36 35,980 
4 Øc /4 3Øc /16 π Øc /76 53,594 
5 Øc /4 3Øc /16 π Øc /156 73,214 
6 Øc /4 3Øc /16 π Øc /316 103,448 
Table 4.5. Mesh convergence analysis for inviscid flow past a cylinder near a wall: element edge 




Figure 4.14. Unstructured triangular mesh 1 used to simulate inviscid flow past a cylinder near a wall. 
Next we use symmetry to reduce the computational effort.  Figure 4.15 shows the geometry 
of the model, which consists of the upper northern part of the model presented in Figure 
4.13, where a physical solid boundary with a free-slip condition is set at the south limit of the 
rectangular domain to include the presence of a wall.  A mesh-convergence analysis was 
performed using the same six meshes described in Table 4.5. 
 
Figure 4.15. Rectangular model geometry with cylinder located near a solid wall, five boundaries and 
two mesh regions. 
Numerical predictions using Fluidity are compared against those predicted by potential 
theory using the method of images.  Figure 4.16 shows the predicted streamlines around the 
cylinder and its image, using Mesh 6.  It can be seen that the streamline equidistant from the 
centres of the cylinders corresponds to a zero transverse velocity component, resembling the 




Figure 4.16. Streamlines for inviscid flow past a cylinder and its image computed with Fluidity using 
Mesh 6.  Analysed cross-section at cylinder’s centre plane (dashed line). 
Table 4.6 lists the absolute root mean squared error (using Eq. (4.6)) in the numerical 
stream-wise velocity component profile along a transverse line crossing the domain through 
the centre of the cylinder and its image (Figure 4.16), computed on increasingly fine meshes.  
As in Section 4.3, the accuracy of the computed solution increases with mesh refinement, 
and appears converged for Mesh 3 and finer. 
Mesh 1 2 3 4 5 6 
Error [m/s] 0.0018 0.0013 0.0006 0.0005 0.0007 0.0005 
Table 4.6. Absolute error in computation of stream-wise velocity component along a transverse line 
across the domain through the cylinder and image centres using Fluidity, the numerical predictions are 
compared against the benchmark analytical solution obtained using the method of images for the six 
mesh cases analysed. 
Figure 4.17 plots the predicted and analytical transverse profiles of stream-wise velocity 
component along a line passing through the centre of the cylinder and its image using Mesh 




Figure 4.17. Inviscid flow past a cylinder and its image.  Comparison between transverse profiles of 
stream-wise velocity components along a line through the centres of both the cylinder and its image: 
numerical results obtained using Fluidity on Mesh 6 (circle); and analytical solution using method of 
images (solid line). 
Six spatial discretisation cases based on element edge length values from Table 4.5 are 
assessed using the numerical model of a cylinder near a solid wall (as illustrated in Figure 
4.15).  Table 4.7 depicts the absolute errors obtained for the six mesh cases regarding the 
predicted transverse profiles of stream-wise velocity components along the line passing 
through the centre of the cylinder and normal to the solid wall.  It is clear that mesh 
refinement reduces the error in computation of the stream-wise velocities. 
Mesh 1 2 3 4 5 6 
Error [m/s] 0.0047 0.0024 0.0017 0.0017 0.0005 0.0007 
Table 4.7. Absolute error in predicted transverse profiles of stream-wise velocity component for six 
meshes using Fluidity for inviscid flow past a cylinder in the vicinity of a wall; the analytical solution 
is obtained using the method of images. 
Figure 4.18 shows the satisfactory agreement between the numerically predicted and 
analytical transverse profiles of stream-wise velocity through the centre of the cylinder, and 
normal to the wall, for Mesh 6. 














Figure 4.18. Comparison of predicted and analytical transverse profiles of stream-wise velocity 
component for inviscid flow past a cylinder close to a wall: Mesh 6 (circle); and analytical solution 
using method of images (solid line). 
Both cases have verified that Fluidity correctly solves the mathematical equations used to 
model inviscid flow past a circular cylinder in the proximity of a nearby wall. 
4.5. Flow past a circular cylinder at Reynolds number 40 
Sections 4.5 to 4.7 focus on validation of Fluidity for viscous flow past a circular cylinder.  
A primary objective is to confirm that the numerical code is able to capture correctly the 
wake formation behind the cylinder in unsteady viscous flows.  Correct island wake capture 
formation is important as this may impact on the accuracy of estimates of extractable power 
from nearby sites. 
Coutanceau and Bouard [139] performed experiments in a cylindrical tank where a 
horizontal axis cylinder was raised vertically at constant speed in order to characterise the 
unsteady wake of an impulsively started circular cylinder at Reynolds numbers between Re = 
20 and Re = 40.  The properties of the liquid filling the tank were chosen to obtain a desired 
range of Reynolds numbers.  The experiments assessed the effect of the ratio of cylinder and 
tank diameter on the results, to account for any blockage effect.  A camera was coupled with 
the cylinder motion in order to capture correctly the flow motion around the cylinder.  Wake 
parameters were determined from analysis of these photographs.  Details of the experimental 
apparatus, visualisation and analysis techniques are given by Coutanceau and Bouard [144]. 












Coutanceau and Bouard [139] used four parameters to characterise the wake (Figure 4.19): 
the closed-wake length Lc, longitudinal and transversal positions of the vortex centres 
defined by ac and bc respectively, and the angle of separation θc. 
 
Figure 4.19. Geometric parameters of the closed wake as defined by Coutanceau and Bouard [144]: 
length of the wake Lc, longitudinal ac and transversal bc position of vortex centres and angle of 
separation θc. 
The non-dimensional time t* is defined as t·U∞/Øc, Table 4.8 summarises the evolution in 
time of the cylinder wake geometry parameters Lc/Øc, ac/Øc and bc/Øc and θc, observed by 
Coutanceau and Bouard [139] for a Reynolds number Re = 40 and an aspect ratio of 0.07 
between cylinder and tank diameters. 
t* 1 2 3 4 5 6 8 10 12 
Lc/Øc 0.36 0.74 1.11 1.41 1.62 1.79 1.94 1.96 1.96 
ac/Øc 0.17 0.36 0.51 0.61 0.66 0.69 0.69 0.69 0.69 
bc/Øc 0.38 0.47 0.52 0.54 0.55 0.56 0.56 0.56 0.56 
θc (deg) 41.2 46.5 49.3 51.0 51.8 52.3 52.5 52.5 52.5 
Table 4.8. Temporal variation of the circular cylinder wake geometry parameters and angle of 
separation experimentally observed by Coutanceau and Bouard [139] for a Reynolds number Re = 40 
and an aspect ratio between cylinder and tank diameters of 0.07. 
The rectangular domain is based on that considered in Section 4.3 (Figure 4.8), without 
modifying the domain width, water depth and cylinder diameter.  To model the flow around 
an impulsively started circular cylinder, the model domain is initialised with a stream-wise 
velocity U∞.  This creates a numerical reflection in the form of a pressure wave that 
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originates at the cylinder and travels upstream and downstream from the cylinder.  In the 
absence of an effective dissipation mechanism (e.g. bottom friction) or a transmissive 
boundary at the west and east limits of the domain, the reflection advects through the domain 
and returns to the cylinder.  For the time-period analysed, this is prevented if the domain 
length is increased to 200Øc, where the cylinder is centred 80Øc downstream of the west 
domain limit. 
Six spatial discretisation setups are investigated in the mesh convergence analysis.  As in 
Section 4.3, the domain is divided into three mesh regions: upstream of the cylinder, 
downstream of the cylinder and cylinder.  Table 4.9 presents the mesh edge length set in 
each domain region and the total number of grid elements for the six meshes considered in 
the analysis. 
 Element edge length  
Mesh Upstream from cylinder Downstream from cylinder Cylinder Mesh elements 
1 Øc 3Øc /4 π Øc /12 11,854 
2 Øc /2 3Øc /8 π Øc /28 12,826 
3 Øc /4 3Øc /16 π Øc /36 184,072 
4 Øc /4 3Øc /16 π Øc /76 190,076 
5 Øc /4 3Øc /16 π Øc /156 197,654 
6 Øc /4 3Øc /16 π Øc /316 207,322 
Table 4.9. Six spatial discretisation cases considered in the mesh convergence analysis. Element edge 
length used in the three mesh regions of the model, and total number of mesh elements. 
As in Section 4.3, the model domain has five boundaries (Figure 4.8): A stream-wise inlet 
velocity U∞ = 2 m/s condition is set at the west domain limit Γ1; a zero pressure condition is 
set at the east domain limit corresponding to boundary Γ4; the north Γ2 and south Γ3 domain 
limits are set as solid boundaries with a free-slip condition; finally, a no-slip condition is 
applied to the cylinder boundary.  Kinematic viscosity is specified in the model in order to 
yield a Reynolds number Re = 40 based on the set values for U∞ and Øc.  No friction is 
applied at the bottom or at the walls of the domain.  The time step t is chosen for each mesh 
in order to keep the CFL number below unity.  The simulation is run for a time period T = 
12t* in order to match the duration of the experimental data. 
Figure 4.20, Figure 4.21, Figure 4.22 and Figure 4.23 compare respectively the temporal 
variation of the cylinder wake parameters Lc, ac, bc and θc computed by Fluidity on Meshes 
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1-6 against the experimental observations by Coutanceau and Bouard [139].  Numerical 
cylinder wake parameters are derived from the flow streamlines at each time step.  Mesh 
convergence is achieved within plotting accuracy for mesh 5.  Mesh 4 shows favourable 
results although for higher values of t* there is an obvious difference in the Lc values, but 
this is less important for ac, bc and θc.  The numerical solution obtained with Meshes 4-6 are 
in good agreement with the experimental values. 
 
Figure 4.20. Early stage evolution of wake length at Re = 40: experimental results by Coutanceau and 
Bouard [139] (solid line); Fluidity predictions for Mesh 1 (square), 2 (diamond), 3 (plus sign), 4 
(upward-pointing triangle), 5 (downward-pointing triangle) and 6 (circle). 
 
Figure 4.21. Early stage evolution of stream-wise vortex centre distance a at Re = 40: experimental 
results by Coutanceau and Bouard [139] (solid line); Fluidity predictions for Mesh 1 (square), 2 
(diamond), 3 (plus sign), 4 (upward-pointing triangle), 5 (downward-pointing triangle) and 6 (circle). 































Figure 4.22. Early stage evolution of transverse vortex centre distance b at Re = 40: experimental 
results by Coutanceau and Bouard [139] (solid line); Fluidity predictions for Mesh 1 (square), 2 
(diamond), 3 (plus sign), 4 (upward-pointing triangle), 5 (downward-pointing triangle) and 6 (circle). 
 
Figure 4.23. Early stage evolution of angle of flow separation at Re = 40: experimental results by 
Coutanceau and Bouard [139] (solid line); Fluidity predictions for Mesh 1 (square), 2 (diamond), 3 
(plus sign), 4 (upward-pointing triangle), 5 (downward-pointing triangle) and 6 (circle). 
4.6. Flow past a circular cylinder at Reynolds number 100 
This case considers the ability of Fluidity to correctly compute the wake length of a circular 
cylinder for a Reynolds number Re = 100 by comparison to an alternative numerical solution 
developed by Collins and Dennis [140] who investigated the closed-wake length of an 




























impulsively-started moving circular cylinder at Reynolds numbers Re = 40, 100 and 500.  In 
their study, Collins and Dennis validated their numerically computed closed-wake lengths at 
Re = 100 against experimental and numerical data reported by Honji and Taneda [145] and 
Kawaguti and Jain [146]. 
Figure 4.24 shows the evolution of the closed-wake length behind an impulsively started 
circular cylinder for Re = 100 experimentally observed by Honji and Taneda [145] and 
numerically computed by Kawaguti and Jain [146] and Collins and Dennis [140] integrating 
the Navier-Stokes equations using the Crank-Nicolson implicit method.  Note that compared 
to the original figure from Collins and Dennis, non-dimensional time is here expressed as 
tU∞/Øc and closed-wake length is expressed in terms of the cylinder diameter. 
 
Figure 4.24. Early stage evolution of wake length at Re = 100: numerical results by Collins and 
Dennis [140] (solid line); numerical predictions by Kawaguti and Jain [146] (square); and 
experimental observations by Honji and Taneda [145] (diamond). 
Following the computational setup described in Section 4.5, Fluidity is used to model the 
flow past a cylinder at Re = 100.  Model geometry, initial and boundary conditions are not 
modified.  A mesh convergence study is carried out based on the meshes shown in Table 4.9.  
The kinematic viscosity is specified to set the Reynolds number to Re =100.  No friction is 
applied to the bottom and walls of the domain.  The time-step chosen is such that the CFL 
number is below unity.  The simulation is run for a time period T = 12t* to match the 
duration of the numerical data from Collins and Dennis [140].  Figure 4.25 compares the 
closed wake lengths predicted by Fluidity on Meshes 1-6 with alternative numerical 
predictions by Collins and Dennis.  The results converge as the mesh is progressively 

















refined, with Meshes 4-6 providing a satisfactory approximation to the numerical solution by 
Collins and Dennis.  Oscillation in the wake length observed for Mesh 1 is caused by lack of 
mesh refinement which leads to a break in symmetry of the two eddies behind the cylinder. 
 
Figure 4.25. Early stage evolution of wake length at Re = 100: numerical results by Collins and 
Dennis [140] (solid line) and Fluidity predictions for Mesh 1 (square), 2 (diamond), 3 (plus sign), 4 
(upward-pointing triangle), 5 (downward-pointing triangle) and 6 (circle). 
4.7. Flow past a circular cylinder at Reynolds number 5,000 
Bouard and Coutanceau [141] investigated the early stages of wake development behind an 
impulsively started cylinder for a range of Reynolds numbers between 40 and 104.  Section 
4.5 briefly outlines the experimental technique, which followed that of Coutanceau and 
Bouard [139].  This section presents a visual comparison of the flow past a cylinder at 
Reynolds number 5,000 as observed by Bouard and Coutanceau, and predicted by Fluidity.  
The experiments carried out by Bouard and Coutanceau provides a series of fine resolution 
photographic plates of the early stages of the flow past a circular cylinder at Reynolds 
number Re = 5,000.  High-quality visualisations produced by Bouard and Coutanceau using 
reflecting or diffusing solid tracers enabled capture of the streamlines behind the circular 
cylinder.  Bouard and Coutanceau present results for the evolving flow past a cylinder at 
non-dimensional times t* 1, 1.5, 2, and 2.5.  Figure 4.26 shows the streamlines behind a 
circular cylinder obtained at t* 2.5. 















Figure 4.26. Wake behind an impulsively started cylinder at Re = 5000 at t*=2.5 [141]. 
The numerical model geometry, initial conditions and boundary conditions are the same as 
for the Re 40 and 100 cases.  The value of kinematic viscosity was prescribed, corresponding 
to a Reynolds number of 5,000.  The time step was chosen to keep the CFL number below 
unity.  The simulation was run for a time period of T = 2.5t* to match the duration of the 
experimental data.  A mesh-convergence study using Meshes 3-6 from Table 4.9 is 
performed.  Figure 4.27 compares the streamlines of flow past a cylinder computed using 
Fluidity on Meshes 3-6 against the observed streamlines obtained by Bouard and Coutanceau 
at t* = 2.5.  It can be seen that the predicted streamlines on Meshes 4-6 are in close 
agreement with the experimental observations.  The shape and centre location of the 
symmetrical eddies are satisfactorily approximated by the numerical model.  Moreover, for 
Meshes 4-6 Fluidity reproduces the secondary eddies formed close to the cylinder surface.  
Again, it is concluded that spatial resolution of Meshes 4 is sufficient to approximate 




Figure 4.27. Streamlines of flow past a cylinder for Re = 5000 observed by Bouard and Coutanceau 
[141] (upper subplots) and computed with Fluidity (lower subplots) at t* = 2.5 computed on Meshes 
(a) 3, (b) 4, (c) 5 and (d) 6. 
Figure 4.28 compares the early stages of the developing flow computed on Mesh 6 against 
the experimental visualisation by Bouard and Coutanceau [141] at t* 1, 1.5, 2 and 2.5.  It can 
be seen that the predictions agree well with experimental data and properly reproduce 
secondary flow phenomena such as the bulge in streamlines (Figure 4.28a) and the 




Figure 4.28. Early stage development of streamlines of flow past a cylinder for Re = 5,000 observed 
by Bouard and Coutanceau [141] (upper subplot) and computed with Fluidity (lower subplot) using 
Mesh 6 for (a) t* = 1, (b) t* = 1.5, (c) t* = 2 and (d) t* = 2.5. 
4.8. Oscillatory laminar shallow flow past surface piercing 
circular cylinders 
The previous sections examined the capability of Fluidity to model flow past an impulsively 
started submerged circular cylinder.  This section next considers how well Fluidity models 
flow past circular surface piercing cylinders, including wake formation in oscillatory laminar 
flows, against the experimental work carried out by Lloyd et al. [69]. 
Lloyd et al. [69] investigated the wake formation around cylindrical and conical islands in 
oscillatory subcritical laminar shallow water flows.  Experiments were performed in a 
shallow-water tidal flume of 11 m length and 3.3 m width.  The water depth was altered 
according to the flow regime tested.  Oscillatory current flow was generated using a 
hydraulic system of four valves and a variable-speed pump.  The circular cylinder had 
diameter of 0.6 m, height of 0.8m, and was placed in the centre of the flume.  Lloyd et al. 
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investigated the dependence of the oscillatory shallow wake formation on two non-




where Uo and T are the magnitude and the period of the oscillating velocity near the surface, 
and the island diameter is taken as the characteristic length for circular objects; and the 





which measures the stabilising effect of bed friction relative to the destabilising influence of 
transverse shear [70].  Lloyd et al. [69] noted that wake type also depends on the island-
diameter to depth ratio and Reynolds number.  Figure 4.29 shows the four types of 
oscillatory-shallow-water wakes identified by Lloyd et al.: (a) symmetric-without-vortex-
pairing; (b) symmetric-with-pairing; (c) sinuous-with-pairing; and (d) vortex-shedding.  In 
wake type (a) there is only formation of attached counter-rotating vortices during a half-
cycle.  Wake type (b) presents the formation in a half-cycle of symmetric vortex pairs and 
attached counter-rotating vortices.  Wake type (c) is similar to type (b) but Lloyd et al. 
define the form as asymmetric sinuous.  Finally, wake type (d) represents vortex shedding. 
 
Figure 4.29. Oscillatory shallow water wakes at time t = T / 4 for flow from west to east at maximum 




Oscillatory flow in otherwise unbounded flow past a smooth-wall is laminar if the oscillatory 
Reynolds number Rea is less than 105.  The oscillatory Reynolds number is defined as Rea = 
ρUoaf/μ, where af is the amplitude of the fluid motion defined as af = UoT/2π.  The boundary 
layer thickness of the bottom of the tank is computed as 3/4π(2afν/Uo)2 [147], and it was 
found to be smaller than the water depth in the experiments conducted by Lloyd et al. [69].  
It was assumed that the flume tank had smooth walls and a laminar flow, leading to the 
calculation of the non-dimensional bottom friction coefficient as Cd = 2/ √Rea. 
Lloyd et al. [69] analysed 20 configurations of KC, S and Øc/h ratios to classify the wake 
type of a surface piercing circular cylinder in oscillatory laminar flows.  Figure 4.30 shows 
the type of oscillatory-shallow-water wake identified with each of these configurations.  
Lloyd et al. further observed three cases of a wake incorporating vortex shedding and one 
case for each of the sinuous-with-pairing, symmetric-with-pairing and symmetric-without-
pairing wake types.  Each case included velocity and vorticity field plots at times t = T/4, 
T/2, 5T/8 and 3T/4.  In addition, Lloyd et al.’s work included time history plots of the 
stream-wise and transverse velocity components at two locations (x , y) = (0, 0.45) m and (x , 
y) = (0, -0.45) m for three tidal periods. 
 
Figure 4.30. Wake type for the circular cylinder tests: symmetric without pairing (diamond); 
symmetric with pairing (square); sinuous with pairing (circle); vortex shedding (triangle). Symbol 
superscript indicates the value of Øc/h: 1, 10,0; 2, 17.6; 3, 24.0; 4, 33.3 [69]. 
Table 4.10 presents the expected value range for the parameters KC and S for a 2 km 
diameter island in an M2 oscillatory tidal flow.  A range of 0.5 to 3.0 m/s is considered for 
the amplitude of the oscillatory tidal flow velocity.  A range of seabed-friction coefficients 
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between 0.001 and 0.005 is considered – in agreement with the coefficient values used to 
model the Pentland Firth by Baston and Harris [94].  Water depths are taken between 30 and 
100 m, consistent with first- and second-generation tidal turbine technologies [148].  
Corresponding KC and S values for realistic islands lie in the ranges of 11-67 and 0.02-0.5, 
respectively.  The majority of KC-S combinations are off the scales of Figure 4.30.  As the 
tidal-flow period is very large, in all possible cases KC is very high.  If Figure 4.30 is 
extrapolated, it is assumed that for large KC numbers and S between 0.02 and 0.5, vortex 
shedding and sinuous-with-pairing wake types predominate. 
T (s) Uo (m/s) Øc (m) Cd h (m) KC S 
44,700 0.5-3.0 2,000 0.001-0.005 30-100 11-67 0.02-0.5 
Table 4.10. Geometry and flow conditions in realistic islands and correspondent KC and S parameters. 
Table 4.11 summarises the test conditions described by Lloyd et al. [69] for the analysis of 
the wake type behind a surface piercing circular cylinder, with vortex shedding and sinuous-
with-pairing wake types. 
Wake type 
Code name in  









KC Cd  
(x10-3) 
S 
Vortex shedding CC03 140 0.040 0.060 0.60 9.3 10.592 0.106 
Sinuous with pairing CC09 120 0.070 0.034 0.60 14.0 6.538 0.115 
Table 4.11. Experimental test conditions for the wake analysis behind a surface piercing circular 
cylinder for the vortex shedding and sinuous-with-pairing wake types [69]. 
Lloyd et al. [69] concluded that shallow-water flow modelling with vertical variation is 
necessary in order to include the effect of the bed boundary-layer thickness (which occupies 
a smaller scale than the water depth).  Moreover, solution of the full three-dimensional 
Navier-Stokes is required to resolve the bed and wall boundary layers in the vicinity of the 
cylinder, while including the influence of non-hydrostatic pressure.  In a later paper, Stansby 
[109] concluded that for a conical island, fully three dimensional modelling is necessary to 
capture correctly the local flow dynamics.  Furthermore, Stansby noted that the only case 
where numerical predictions based on the SWE agrees with those from three-dimensional 
modelling is when there is prominent vortex shedding behind the circular cylinder. 
Here, a rectangular domain is set with identical length and width to the flume used in the 
experiments by Lloyd et al. [69].  The circular cylinder is located at the centre of the domain 
with Cartesian coordinates x = 0 m, y = 0 m.  The water depth in the model is set to match 
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the experimental conditions, as described in Table 4.11.  Similarly, bottom and wall non-
dimensional friction coefficients are defined, also as per Table 4.11.  Since the experimental 
work by Lloyd et al. is performed in water, the kinematic viscosity is set as ν = 10-6 m2 s-1.  
Figure 4.31 shows the unstructured mesh used to spatially discretise the domain.  Table 4.12 
presents the element edge length of the elements used and total number of elements in the 
spatial discretisation of the domain.  The element edge length is chosen based on the values 
used to define Mesh 4 in the validation tests of flow past a circular cylinder in Sections 4.5, 
4.6 and 4.7.  Due to the oscillatory nature of the flow, identical mesh-edge lengths are used 
upstream and downstream of the cylinder. 
Element edge length  
Upstream from cylinder Downstream from cylinder Cylinder Mesh elements 
3Øc /16 3Øc /16 π Øc /76 11,140 
Table 4.12. Element edge lengths upstream and downstream of the cylinder and at the surface of the 
cylinder, and total number of mesh elements. 
 
Figure 4.31. Unstructured mesh for domain with circular cylinder at the centre, used in Fluidity to 
simulate flow past an island in an oscillatory laminar shallow water flow. 
The time step is chosen so that the CFL number is below unity.  A free-slip condition is 
applied at the north and south boundaries of the domain.  A no-slip boundary condition is 
applied to the surface of the cylinder.  To replicate the flow conditions in the laboratory 
basin used by Lloyd et al. [69], a half-wave sine inlet velocity boundary condition of period 
T = 140 s and amplitude Uo = 0.04 m/s is set at the west and east ends of the rectangular 
domain (Figure 4.32).  For zero inlet velocities at the boundaries, zero pressure and free-
stress conditions are also applied. 
Stansby [109] observed that numerical models based on the hydrostatic shallow water 
equations cannot resolve properly the complex flow dynamics past surface-piercing conical 
islands.  To assess the adequacy of the solution of the SWE provided by Fluidity-SWE to 
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capture the flow past a surface piercing circular cylinder, the vortex shedding wake type case 
is also run solving the full 3D Navier Stokes equations (Fluidity-3D).  In the 3D case, the 
spatial discretisation in the x-y plane is identical to the one used in SWE (shown in Figure 
4.31).  The water column is spatially discretised using 15 sigma layers of uniform vertical 
size.  Thus, in the three-dimensional case, the number of elements in the mesh is 
approximately 167,100.  No turbulence model is used to resolve the power dissipated due to 
viscous forces at a smaller scale than the grid size. 
 
Figure 4.32. Half-wave sine inlet velocity boundary conditions prescribed at the west (solid line) and 
east (dashed line) ends of the rectangular domain. 
Figure 4.33 compares vorticity contour plots obtained experimentally at Keulegan-Carpenter 
number KC = 9.3 by Lloyd et al. [69] with those computed using Fluidity-SWE and Fluidity-
3D.  The vertical component of vorticity is computed as = − .  Dark-colour vorticity 
plots in the paper by Lloyd et al. correspond to blue-colour vorticity plots in Fluidity and 
indicate clockwise flow rotation.  Light-colour in the paper by Lloyd et al. and red-colour in 
Fluidity indicate anti-clockwise flow rotation.  Vorticity contour plots are compared at times 
t = T/4, T/2, 5T/8 and 3T/4 from the third tidal cycle modelled.  In general, the vorticity 
structures computed with Fluidity-SWE and Fluidity-3D compare reasonably well with those 
obtained by Lloyd et al..  The flow direction around the circular cylinder and local variability 
in flow rotationality are reasonably well captured by both SWE and 3D.  This provides 
confidence in the capability of Fluidity-SWE to capture the flow dynamics around a surface-
piercing circular cylinder in an oscillatory laminar shallow flow. 















Figure 4.33. Vorticity contour plots for the vortex shedding wake type obtained experimentally by 
Lloyd et al. [69] (left column), generated with Fluidity-SWE (centre column) and generated with 
Fluidity-3D with 15 sigma layers (right column) for the third tidal period simulated.  Dark colour 
vorticity contour plots in Lloyd et al. correspond to blue colour vorticity contour plots in Fluidity.  
Light colour vorticity contour plots in Lloyd et al. correspond to red colour vorticity contour plots in 




Figure 4.34. Time histories of non-dimensional stream-wise velocity component during 3 tidal periods 
at x = 0 m and y = 0.45 m at KC = 9.3: experimental data, Lloyd et al. [69] (solid line); numerical 
predictions by Fluidity-SWE (dashed line); and numerical predictions by Fluidity-3D with 15 sigma 
layers (dotted line). 
 
Figure 4.35. Time histories of non-dimensional stream-wise velocity component during 3 tidal periods 
at x = 0 m and y = -0.45 m at KC = 9.3: experimental data, Lloyd et al. [69] (solid line); numerical 
predictions by Fluidity-SWE (dashed line); and numerical predictions by Fluidity-3D with 15 sigma 
layers (dotted line). 
 
 





























Time-history plots of the stream-wise velocities at x = 0 m, y = 0.45 m and x = 0 m, y = -0.45 
m are included in Figure 4.34 and Figure 4.35 respectively.  The stream-wise velocities 
correspond to the depth-averaged and surface velocities from Fluidity-SWE and Fluidity-3D 
respectively.  Range, shape and phase of the velocity time series are satisfactorily reproduced 
by Fluidity-SWE and Fluidity-3D.  From the plots, it is not clear that the Fluidity-3D 
provides a better approximation to the experimental work than Fluidity-SWE.  Certain 
discrepancies in range and shape between the experimental and numerical solutions may 
have been influenced by the uncertainty inherent in numerically reproducing the exact 
experimental conditions. 
Figure 4.36 presents vorticity plots at times t = T/4, T/2, 5T/8, and 3T/4 obtained using the 
Fluidity-SWE solver and experimental data obtained by Lloyd et al. [69] at KC = 14.0.  The 




Figure 4.36. Vorticity contour plots for the sinuous wake type obtained by Lloyd et al. [69] (left) and 
generated with Fluidity-SWE for the third tidal period simulated (right).  Dark colour vorticity contour 
plots in Lloyd et al. correspond to blue colour vorticity contour plots in Fluidity.  Light colour 
vorticity contour plots in Lloyd et al. correspond to red colour vorticity contour plots in Fluidity. (a) t 
= T / 4, (b) t = T / 2, (c) t = 5T / 8, (d) t = 3T / 4. 
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Figure 4.37 and Figure 4.38 plot experimental and predicted stream-wise velocity component 
time histories at locations (x, y) = (0, 0.45) m and (x, y) = (0, -0.45) m in the basin considered 
by Lloyd et al. [69].  Although the velocity range is relatively well reproduced by Fluidity-
SWE at both locations, there are some discrepancies in the phase and profile of the velocity 
time series. 
 
Figure 4.37. Time histories of non-dimensional stream-wise velocity component during 3 tidal periods 
at x = 0 m and y = 0.45 m at KC = 14.0: experimental data, Lloyd et al. [69] (solid line); and 
numerical predictions by Fluidity-SWE (dashed line). 
 
Figure 4.38. Time histories of non-dimensional stream-wise velocity component during 3 tidal periods 
at x = 0 m and y = -0.45 m at KC = 14.0: experimental data, Lloyd et al. [69] (solid line); and 
numerical predictions by Fluidity-SWE (dashed line). 





























The above observations accord with those of Stansby [109].  Although the solution of the 
SWE approximates the flow reasonably well for a vortex shedding wake type, the SWE 
solver may not provide an accurate model of the flow dynamics of a sinuous wake type.  
Hence it may be concluded that Fluidity-SWE is capable of modelling oscillatory laminar 
shallow flows around surface-piercing circular cylinders.  However, it may also be necessary 
to use 3D simulations when modelling the flow dynamics around a surface piercing cylinder 
for idealised island geometries that lead to a sinuous type of wake. 
4.9. Power extraction in bounded flow  
This section presents verification of the methodology used to estimate power extraction from 
the flow by the presence of tidal turbines.  Verification is performed against two one-
dimensional analytical models of power extraction: Bryden and Couch [15]; and Garrett and 
Cummins [11].  Before presenting the verification tests, the two analytical models are first 
described separately. 
4.9.1 The Bryden and Couch model 
The model developed by Bryden and Couch [15] (BC2006) computes the water depth and 
velocity profiles along a hypothetical one-dimensional channel linking two infinite basins.  
Figure 4.39 is a definition sketch indicating the channel geometry (length, width and depth), 
and the water head drop along the channel and shear stress due to bed friction.  The model 
assesses the effects of power extraction from the flow on the water depth and velocity 
profiles along the channel. 
 
Figure 4.39. Side (left) and top (right) view of a hypothetical channel linking two infinite basins [15]. 
The momentum of water passing across the channel cross-section area A in an infinitesimal 
time Δt is written as: 
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= ∆  (4.21) 
where u is the depth-averaged stream-wise velocity component and ρ is the water density. 
The rate of change of momentum defines the force acting on the mass of water: 
( )
= ( )∆ + ( )∆  (4.22) 
The change in surface elevation leads to a hydrostatic force per unit area acting on the mass 




where g is the acceleration due to gravity and h is the local flow depth. 
Combining Eqs. (4.22) and (4.23), the momentum equation in a straight channel under 
steady-state flow conditions including a term to account for energy extraction is written as: 
( ) = −
ℎ
− ( + ) (4.24) 
where Per is the wetted perimeter defined as: 
= + 2ℎ (4.25) 
The term τb defines the equivalent frictional stress due to resistance of the seabed and it can 




where M is the Manning friction coeffient and R corresponds to the hydraulic radius of the 





The term τadd is used to represent power extraction from the flow due to the presence of 
turbine(s).  A rate Pe of power extracted from the flow at a stream-wise depth-averaged 
velocity u adds a retardation force in the flow FTOT: 
=  (4.28) 
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where Δx is the length of the channel where power is extracted by the turbine(s).  The power 








Substituting Pe in Eq. (4.29) results in: 
=
1
2 ∆ ℎ( + 2ℎ)
 (4.31) 
If conservation of mass ⁄ = 0 is considered, Eq. (4.24) can be rearranged in terms of 
the volume flow rate =  as: 
− = −
ℎ
− ( + ) (4.32) 










( + ) (4.33) 
4.9.2 The Garrett and Cummins model 
The analytical model derived by Garrett and Cummins [11] (GC2005) assesses the limits to 
power extraction from a constricted channel linking two infinite ocean basins.  The model 
assumes that the sea elevation at both ends of the channel is not affected by the power 
extraction within the channel.  The equation governing the flow dynamics in a channel of 
variable cross-section (Figure 4.40) is: 
+ +
ℎ
= −  (4.34) 
where u is the depth-averaged stream-wise flow velocity, h is the depth and F(x, t) represents 
an opposing force due to natural friction and presence of tidal turbines.  If turbines are 
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deployed filling the entire cross-section of the channel, this term is independent of the cross-
sectional position of the turbines. 
 
Figure 4.40. Channel connecting two infinite ocean basins with different tidal elevations.  Flow 
velocity u along the channel length x is a function of the channel cross-sectional area A(x).  Flow exits 
the channel at a cross-section area Ae and at a speed ue [11]. 
If the length of channel is short compared to the wavelength of the tide, the flux Au, where A 
is the channel cross-sectional area, is independent of x and can be expressed as Q(t).  
Integrating along the channel, Eq. (4.34) results in: 
− = − −
1
2
| | (4.35) 
where = ∫  and L is the length of the channel; η(t) is the head difference between 
the two ocean basins, which is assumed to be independent of the level of extraction F in the 
channel; and ue is the velocity at the exit of the channel.  Eq. (4.35) accounts for flow 
separation at the channel exit and associated pressure head loss 1/2 .  The four terms in 
Eq. (4.35) account respectively for flow acceleration, sea level difference between the two 
basins, friction in the channel, and flow separation at the exit of the channel.  Provided the 
natural friction and flow separation terms are small, the flow acceleration is balanced by the 
sea level difference.  The time-dependent head difference is defined as = cos , 
where at and ωt are the amplitude and angular frequency of the tidal signal.  From Eq. (4.35) 
the volume flux is = sin , where = ( )  and represents the volume flow 
rate in undisturbed conditions.  The average power extracted by the turbines along the 
channel over a tidal cycle is: 
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= =  (4.36) 
Assuming the drag caused by turbines is linear with respect to the current at any cross-
section, Eq. (4.36) may be written as = , where β is linked to the number of turbines 
and location along the channel.  Then, Eq. (4.35) becomes: 
− cos = −  (4.37) 
The solution of Eq. (4.36) shows that Pe increases initially with β but decreases for a high 
number of turbines as the flow becomes choked.  The maximum average power, when 





The maximum average power occurs when the peak flow is reduced to 71 % of the original 
value and is independent of the cross-section of the channel where extraction is 
implemented.  Assuming the drag caused by turbines is quadratic in current speed, the 
maximum average power is then 0.97 times the value of Po found for linear drag. 
The effects of natural friction and flow separation at the exit of the channel can be included 
in the momentum equation by addition of a new term: 
− = − − | |  (4.39) 
where α includes natural friction and flow separation at the exit of the channel as: 




where Ae is the channel cross-sectional area at the exit.  In the limit where the acceleration 
term is unimportant, from Eq. (4.39) it is possible to derive the instantaneous power as: 
= ( − | | ) (4.41) 
Eq. (4.41) has a maximum when 2 3 ⁄⁄  where Qo is the volume flux in absence of 
turbines, expressed as ( | |/ ) / .  At this point, the flow is 0.58 of that in the absence of 
turbines.  Averaging Eq. (4.41) over a tidal cycle leads to an average power of: 
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= 0.21  (4.42) 
Eq. (4.42) is compared against Eq. (4.38) scaled by 0.97 for the case of quadratic turbine 
drag, which yields a maximum power of 0.24 .  This shows that there is only a small 
variation of the multiplier γ from 0.24 to 0.21 (from the case with no background friction to a 
case where it is dominating).  If data in the natural state for head and flux are available, the 
maximum average power available can be calculated to an accuracy of 10 % using a γ = 
0.22. 
From Eq. (4.41) and the solution of the equation for maximum power extracted, it is possible 




1 −  (4.43) 
Using Eq. (4.43), Figure 4.41 plots the ratio of power extracted to maximum power 
extractable against the ratio of actual to undisturbed volumetric flow rate in a channel 
connecting two ocean basins.  The maximum extractable power Pmax is achieved when the 
volume flux is equal to 57.7 % of the undisturbed volume flux. 
 
Figure 4.41. Extractable power in a channel connecting two infinite ocean basins predicted by 
GC2005 as a function of the volume flux through the channel. 













4.9.3 Numerical model predictions 
The Fluidity model has been used to verify the power extraction methodology by comparison 
against analytical solutions of the BC2006 and GC2005 one-dimensional models.  The flow 
domain is rectangular, with length L = 10,000 m, width B = 2,000 m and water depth h = 40 
m.  Open boundary conditions are applied at its west and east boundaries, along with a 
prescribed initial free surface gradient of 0.0125h from west to east.  The north and south 
boundaries are solid walls represented by slip conditions with a quadratic drag applied at the 
walls.  A Manning friction coefficient of 0.035 sm-1/3 is used to characterise the bed and wall 
friction. 
A regular triangular mesh with element size 0.005L in the stream-wise direction and B size 
in the transverse direction is used (Figure 4.42).  Discretisation of the transverse section over 
one element reduces a two-dimensional problem to one dimension.  Power extraction takes 
place at the longitudinal centre of the channel located at ∈ (0.49 , 0.51 ) over a length 
0.02L and across the entire width of the channel B.  Power extraction is implemented through 
the distributed drag volumetric momentum sink approach as detailed in Section 3.2.2. 
 
Figure 4.42. Channel mesh with one grid element of size B in the transverse direction and 0.005L size 
grid elements in the stream-wise direction. 
This section first compares the results obtained with Fluidity against those predicted by the 
one-dimensional analytical model by BC2006.  Two cases are considered: first in the 
absence of power extraction, and then with a 10 % kinetic power extraction from the flow.  
The second part compares the numerically-computed extractable power and reduction of 
volume flow rate from a channel linking two infinite ocean basins against the predicted 
values by GC2005. 
4.9.3.1 Verification against Bryden and Couch model 
First, the Fluidity model (Figure 4.42) is run in the absence of power extraction with the set-
up conditions specified in Section 4.9.1.  Figure 4.43 and Figure 4.44 compare the 
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numerically computed profiles of free surface and velocity along the channel computed by 
Fluidity against those predicted by the one-dimensional analytical model from BC2006.  It 
can be observed that Fluidity predicts correctly the changes in stream-wise free surface and 
velocity profiles induced by the frictional forces at bottom and sides of the channel. 
 
Figure 4.43. Free surface profile along the one-dimensional channel predicted by BC2006 (solid line) 
and computed with Fluidity (circle). 
 
Figure 4.44. Velocity profile along the one-dimensional channel predicted by BC2006 (solid line) and 
computed with Fluidity (circle). 
























The BC2006 model is next run considering a 10 % kinetic power fraction extracted from the 
flow (fk = 0.1 in Eq. (4.30)).  Figure 4.45 and Figure 4.46 compare respectively the predicted 
free surface and stream-wise velocity profiles along the channel by the BC2006 model and 
those by Fluidity with power extraction.  Good agreement is achieved between the numerical 
and analytical values. 
 
Figure 4.45. Comparison of free surface profile along the channel derived from BC2006 analytical 
model (solid line) and computed with Fluidity for 10 % of kinetic power extracted from the flow 
(circle). 
 
Figure 4.46. Comparison of stream-wise velocity profile along the channel derived from BC2006 
analytical model (solid line) and computed with Fluidity for 10 % of kinetic power extracted from the 
flow (circle). 
























In addition, the absorption term is converted into an equivalent seabed friction coefficient as 
described in Section 3.2.  This is added to the natural friction coefficient at the area of power 
extraction Af.  The free surface and velocity profiles are identical to those obtained from the 
addition of an absorption term shown in Figure 4.45 and Figure 4.46. 
4.9.3.2 Verification against Garrett and Cummins model 
The model presented in Section 4.9.3 is now run in the presence of power extraction at 
∈ (0.49 , 0.51 ) implemented by addition of an absorption term in the momentum 
equations, which is distributed uniformly and gradually increased.  The model is also run 
with power extraction implemented as an enhanced seabed drag kf which is added to the 
natural friction coefficient at the area of power extraction Af.  Figure 4.47 plots the extracted 
power from the channel and volume flux changes against kf computed as: 
=  (4.44) 
Maximum extracted power is achieved in both cases when kf = 1.88 and the volume flux is 
reduced to 57.7 %, which corresponds to the value predicted by GC2005.  Similarities 
between both approaches in accounting for power extraction were also observed by Zang and 
Wang [99] for a channel linking a semi-enclosed bay with an infinite ocean basin. 
 
Figure 4.47. Extracted power and changes in volumetric flow rate as a function of the enhanced 
bottom drag kf in the area of power extraction.  The solid line represents the extracted power (scale on 
left) and dotted line represents the actual to undisturbed volumetric flow rate (scale on right). 






















A sensitivity analysis of the power extracted to the area where power extraction is carried out 
for two arrays of lengths 0.04L and 0.004L and widths equal to the channel width.  In both 
cases, the maximum extracted power is 357.3 MW and matches the results obtained for an 
array located between x coordinates 0.49L and 0.51L. 
The methodology employed for power extraction does not account for losses due to support 
structure drag and mixing around tidal turbines [149].  Thus, the present methodology 
provides an upper limit to power extraction and the power available for turbines for 
generation will be lower than the peak presented in Figure 4.47. 
4.10. Power extraction in unbounded flow  
Section 4.9 presented verification of the methodology employed to account for power 
extraction in the numerical model against the one-dimensional analytical models from 
BC2006 and GC2005.  Both analytical models are based on bounded flows through a 
channel with extraction across the whole cross section of the channel.  This section expands 
the verification carried out in Section 4.9 to power extraction in unbounded flows, where 
flow can effectively bypass the tidal array. 
Garrett and Cummins [142] (GC2013) extended the one-dimensional channel analysis [11] 
into two-dimensions and  investigated the maximum power that can be obtained from a 
confined circular array of turbines in an unbounded steady tidal flow.  GC2013 concluded 
that the maximum power extracted from the circular array depends on the term that 
dominates the momentum equations: friction, advective terms or acceleration.  GC2013 
employed two-dimensional shallow water equations and represented the tidal array by a 
uniform local increase in bottom friction.  GC2013 simplified the two-dimensional shallow 
water equations approximating the free surface as a rigid lid.  This simplification is 
acceptable when the domain scale is smaller than the wavelength of a tidal signal, that is 
where variations in free surface δ are very small compared to the still water level ho. 
Under steady flow conditions both acceleration and inertial terms from the shallow water 
equations may be neglected.  A linear bottom friction co is implemented over the entire 
domain except a circle of radius Rf where bottom friction is equal to co + ct, where ct 
represents the added linear friction due to the presence of the turbines.  A far-field current U∞ 
in the stream-wise direction is considered. 
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The power extracted Pe by the tidal turbines is computed as the integral of the fluid inside the 
circle, turbine drag (ct times local speed) and local speed. 
= ℎ
4
( + 2 )
 (4.45) 
Maximum Pe is achieved when ct = 2co.  If the dimensionless parameter ξ = U∞/(coRf) is 
considered, the maximum dissipation in the circular tidal array can be written as: 
, = ℎ ( ) (4.46) 
The function F(ξ) is unknown but tends to π / 2 when ξ → 0.  For finite U∞ and Rf, the 
parameter ξ becomes very large for very small values of co, and at this limit the maximum 
power extracted by the array is independent of the value co.  This is possible when F(ξ) and ξ 
present a linear proportionality.  The linear constant of proportionality between F(ξ) and ξ is 
obtained from the determination of ∗ in Eq. (4.46) from the numerical solution of the two-
dimensional problem. 
The setup of the numerical model follows the parameterisation of GC2013.  A rectangular 
domain of length and width 20.5Rf is defined, where Rf is the radius of the circular patch of 
enhanced bottom friction, equal to 1,000 m.  The circular tidal array is centred across the 
domain and one-third downstream from the west boundary.  The rectangular domain is 
defined with inflow/outflow conditions, constant inlet stream-wise velocity U∞ = 1 m/s at the 
west limit and zero pressure at the east limit.  The north and south limits of the domain are 
set with a free-slip condition.  Water depth in the domain is set to 0.01Rf.  The linear bottom 
friction co is defined by the dimensionless parameter ξ as = ⁄ .  The flow dynamics 
in the model are solved using the SWE with free surface. 
The numerical model is initialised with flow velocity U∞ and run until changes in the 
velocity field reduced to below 10-3 m/s.  GC2013 used a regular grid with 1,025 grid points 
in both x and y directions, the resulting grid containing more than one million elements.  
Here a mesh convergence study is carried out to determine the grid resolution that ensures a 
sufficiently accurate approximation to the solution whilst remaining computationally 
efficient.  The domain is divided into two mesh regions: inside and outside of the tidal array.  
Table 4.13 includes the three mesh cases considered, their element-edge length and total 
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Table 4.13. Three spatial discretisation cases considered in the mesh convergence analysis of the 
GC2013 model element edge length used in the two mesh regions of the model, and total number of 
mesh elements. 
Figure 4.48, Figure 4.49 and Figure 4.50 plot the domain cross-sectional non-dimensional 
stream-wise velocity component profiles at the entrance (x = -Rf), centre (x = 0) and exit (x = 
Rf) of the circular array. 
 
Figure 4.48. Transverse profiles of non-dimensional stream-wise velocity at the entrance of the 
circular array from Mesh 1 (plus sign), Mesh 2 (cross), and Mesh 3 (point). 














Figure 4.49. Transverse profiles of non-dimensional stream-wise velocity at the centre of the circular 
array from Mesh 1 (plus sign), Mesh 2 (cross) and Mesh 3 (point). 
 
Figure 4.50. Transverse profiles of non-dimensional stream-wise velocity at the exit of the circular 
array from Mesh 1 (plus sign), Mesh 2 (cross) and Mesh 3 (point). 
Solution convergence is reached for Meshes 2 and 3, and so Mesh 2, depicted in Figure 4.51, 
is chosen to discretise spatially the domain. 


































Figure 4.51. Unstructured spatial discretisation of the GC2013 domain on Mesh 2: full domain (left); 
and circular farm area (right). 
F(ξ) is determined from Eq. (4.46) for ξ = 0.5, 1, 2, 4, 10, 15 and 20.  For each ξ case, the 
constant of proportionality α between co and ct is gradually increased from 0.5 to 20 to 
determine the maximum ratio between power dissipated by the tidal array and power 
naturally dissipated by bottom friction in the circular area in the absence of the array. 
The power dissipated by the tidal array is computed as follows: 
= ℎ ( + )  (4.47) 
where h is the total water depth.  The function F(ξ) numerically computed with Fluidity is 
plotted in Figure 4.52 and compared against the linear fit F(ξ) = 1.6 + 0.7ξ derived by 
GC2013 as a fit to their numerical results.  The Fluidity computed F(ξ) values agree 
reasonably well with those obtained by GC2013.  The slight differences can be explained by 
the assumption of rigid lid in the shallow water equations considered by GC2013, while here 




Figure 4.52. Function F(ξ) numerically computed by GC2013 (solid line) and by Fluidity (circle). 
Figure 4.53 shows the vorticity plot and streamlines in the wake of the circular array 
computed with Fluidity at maximum ratio of power extraction for ξ = 20.  Both plots agree 
reasonably well with those derived by GC2013.  An increase in mesh resolution is required 
to resolve the vorticity structures behind the circular array. 
 
Figure 4.53. Vorticity plot (left) and streamlines (right) in the wake of the area with enhanced drag 
computed with Fluidity at maximum power extracted with ξ = 20. 











This chapter has presented the results of verification and validation tests concerning the 
capability of Fluidity to model representative flows, leading to tidal resource assessment for 
a strait between an island and a landmass using the finite element method numerical code 
Fluidity. 
Section 4.2 verified that Fluidity effectively accounts for local changes in flow depth against 
the analytical solution of flow over a submerged hump.  After completion of mesh 
convergence tests, Sections 4.3 and 4.4 verified that Fluidity’s solution is in agreement with 
potential flow theory for inviscid flow past a circular cylinder in the centre of a wide channel 
and in the vicinity of a wall.  Through the modification of the kinematic viscosity, Sections 
4.5, 4.6 and 4.7 satisfactorily validated the physics modelled in Fluidity to simulate 
impulsively-started flow past a submerged circular cylinder at Reynolds numbers 40, 100 
and 5,000.  It was found that Fluidity correctly modelled the mechanisms of early stage wake 
formation for Re = 40 and Re = 100.  Section 4.7 included a visual comparison of 
streamlines behind a circular cylinder at Re = 5,000 against high resolution laboratory flow 
visualisations.  Section 4.8 validated Fluidity-SWE for flow past a surface-piercing circular 
cylinder in oscillatory laminar shallow flow.  Predictions by Fluidity-SWE for a vortex 
shedding wake and a sinuous wake with pairing were validated against experimental data.  
The vortex-shedding wake case was also modelled by solving the unsteady 3D Navier Stokes 
equations and results are in good agreement with those from Fluidity-SWE.  Section 4.9 
satisfactorily verified the power extraction methodology in bounded flows implemented in 
Fluidity against two one-dimensional analytical models.  Section 4.10 extended the 
verification of the power extraction methodology to unbounded flows.  After a process of 
mesh convergence, the power extraction methodology was adequately verified in two-
dimensional domains against analytical and numerical solutions. 
The next chapter uses the present numerical methodology to characterise the tidal resource in 





5. Tidal resource in strait between island and 
landmass 
5.1. Introduction 
This chapter presents the results obtained from the numerical analysis of the idealised site 
defined as an island in the vicinity of a landmass based on the resource assessment 
methodology verified and validated in Chapter 4.  The present chapter analyses the 
sensitivity of the extracted power in the coastal site and site flow dynamics to: the island, 
strait geometry and relative position of island with respect to landmass (Figure 2.1); 
boundary condition at the island and landmass; bathymetry in strait and offshore of the 
island; eddy viscosity; bed friction; and the power extraction parameterisation and location.  
The effect of the island geometry on the limit to power extraction is assessed against the 
analytical predictions of a channel linking two infinite ocean basins by GC2005.  This 
chapter is structured in three sections.  Section 5.2 details the set-up of the numerical model 
of the coastal site.  Section 5.3  presents the results of the sensitivity analysis carried out for 
the strait between and island and landmass.  Section 5.4 summarises the conclusions derived 
from the analysis of this type of coastal site. 
5.2. Setup of numerical model 
This section presents the parameterisation and mesh convergence of the numerical model of 
the island in the vicinity of a landmass. 
5.2.1 Geometry and parameterisation of the model 
Figure 5.1 shows the model geometry used in the numerical assessment of the island in the 
vicinity of a landmass, hereby referred as the island-landmass system.  The rectangular 
domain is defined by a length L and width B.  The width of the domain B is chosen so that it 
enables the free-stream velocity U∞ to be attained at the north boundary, far from the island.  
The island geometry is elliptical with length Li and width Bi.  The island is centred midway 





Figure 5.1. Definition sketch for a strait between island and landmass, a) model geometry and tidal 
parameters; and b) geometry and location of the tidal farm. 
The domain encompasses five boundaries: open west and east boundaries Γ1 and Γ4; solid 
north and south boundaries Γ2 and Γ3, the latter representing the landmass; and a solid 
boundary Γ5 which represents the island.  The strait is defined by boundaries Γ3 and Γ5.  The 
variable Uo defines the cross section flow velocity midway along the strait.  The water 
surface elevations at boundaries Γ1 and Γ4 are denoted by δw and δe.  The water surface 
elevations at the west and east ends of the strait are denoted by δwi and δei.  The area of power 
extraction, herein referred as the tidal farm, is located at the narrowest part of the strait, and 
has a plan-form geometry defined by a length Lf and width Bf. 
Figure 5.2 shows the water depth contours throughout the domain.  Unless otherwise stated, 
the water depth h in the domain is fixed at 40 m in the stream-wise direction between cross 
sections located 0.36L upstream and downstream of the centre of the island.  The water depth 
is linearly increased from h to 75h in the stream-wise direction from cross sections located 
0.36L to 0.43L upstream and downstream of the island’s centre.  In the remaining part of the 
domain, the water depth is kept at 75h.  Offshore deep water conditions at open boundaries 




Figure 5.2. Water depth contours in the island landmass domain. 
A zero surface elevation condition is set at Γ4.  The surface elevation at Γ1 is set to an M2 
tidal constituent: 
= sin( ) (5.1) 
where a and ωt is the amplitude and frequency of the M2 tidal wave (3 m and 1.41 x 10-4 
rad/s respectively).  As in Section 4.3, in order to minimise the formation of numerical 
perturbations at Γ1 that will propagate through the domain during the simulation, the tidal 
signal is ramped up in the first two tidal cycles with the parameter ao: 
= 0.5 1 − cos
4
 (5.2) 
A free-slip condition is applied at the north solid boundary Γ2 so as not to affect flow 
dynamics past the island, and to allow a free-stream velocity to be achieved north of the 
island.  The landmass Γ3 and island Γ5 are allocated the same boundary conditions: either 
free-slip or no-slip.  The use of a free-slip boundary condition at the island and coastline 
reduces the scale of complexity of the analysis and enables the characterisation of the strait 
resource based on a parameter sensitivity study.  However, Section 4.8 showed that in order 
to capture the wake of a surface piercing circular cylinder, representing an island, a no-slip 
boundary is necessary.  It should be noted however that the geometries of real islands differ 
from a perfectly circular shape and can lead to completely different flow dynamics.  Unless 
otherwise stated, the seabed friction is characterised by the dimensionless coefficient Cd = 
0.0025.  When modelling real coastal sites, seabed friction is generally employed as a 
calibration parameter [51].  The value chosen in this study is commonly used in coastal 
modelling [48] and lies within the range of friction coefficients assessed for the Pentland 
Firth between 0.001 and 0.005 [94]. 
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Turbulence is modelled using the depth averaged parabolic eddy viscosity empirical model 
[92] (Section 3.2).  Other parameters that could impact on the resource estimates, such as 
Coriolis force, pressure, wind or wave conditions, are not included in the numerical model as 
these are considered to be site-dependent.  The time step is chosen accordingly to limit the 
CFL number to within O(1). 
5.2.2 Spatial discretisation of the numerical model 
A mesh convergence analysis is carried out with a circular island (Li = Bi = Øi) and strait 
width s = Li for the free-slip and no-slip scenarios under steady state conditions with the flow 
travelling from west to east of the domain.  Mesh independence is sought through studying 
six cases with varying mesh-edge lengths, described in Section 4.3, and presented in Table 
5.1.  Due to the oscillatory nature of tidal flows, to be investigated later, identical mesh edge 
lengths are used upstream and downstream of the island.  A different mesh edge length is 
defined at the north of the rectangular domain, where an increase in the spatial resolution 
does not impact the resource assessment in the strait. 
 Element edge length  
Mesh South domain upstream and downstream from island Island North  
domain 
Mesh  
elements > 2Øi ≤ 2Øi 
1 π Øi /6 π Øi /6 π Øi /12 π Øi 3,902 
2 π Øi /6 π Øi /6 π Øi /28 π Øi 6,156 
3 π Øi /17 π Øi /28 π Øi /36 π Øi 9,968 
4 π Øi /17 π Øi /36 π Øi /76 π Øi 13,658 
5 π Øi /17 π Øi /76 π Øi /156 π Øi 27,498 
6 π Øi /17 π Øi /156 π Øi /316 π Øi 62,526 
Table 5.1. Six spatial discretisation cases considered in the mesh convergence analysis. Element edge 
length used in the three mesh regions of the model, and total number of mesh elements. 
Mesh convergence is carried out for the free-slip and no-slip scenarios through the analysis 
of the stream-wise velocity profile at four cross sections through the domain, which are 
defined in Figure 5.3.  Meshes 1 and 2 are not included in the analysis because results from 





Figure 5.3. Four domain cross-sections of length 5Øi north of landmass used in mesh convergence 
analysis. 
As in Section 4.5, non-dimensional time t* is defined as t·U∞/Øi.  Following Section 4.3, the 
solution was considered to converge when the temporal variation from one time step to the 
next in the velocity field fell below 10-3 m/s.  The stream-wise velocity is extracted at t* = 
44, when the solution was fully converged.  Cross-sectional stream-wise velocity profiles for 
the free-slip scenario at sections 1-4 are presented in Figure 5.4, Figure 5.5, Figure 5.6 and 
Figure 5.7 respectively.  From the plots, it is possible to observe that mesh independence is 
achieved for Mesh 4, in accordance with the conclusions in Section 4.3. 
For the no-slip scenario, Figure 5.8 and Figure 5.9 show the stream-wise velocity profile at 
cross sections 2 and 4 respectively.  At section 2 in the strait, mesh convergence is again 
achieved using Mesh 4.  However, Figure 5.9 shows that convergence of the velocity field 
on cross section 4 has not been achieved and a further increase in mesh resolution is required 
to resolve the wake behind the island.  Although the wake behind the island is not accurately 
captured in the no-slip scenario, the results from the validation test of flow past a surface 
piercing circular cylinder in Section 4.8 show that Mesh 4 is able to capture the main flow 




Figure 5.4. Stream-wise flow velocity profile at cross-section 1, one diameter upstream from the 
centre of the circular island.  The model is run with free-slip boundary conditions at island and 
coastline.  Fluidity predictions for Mesh 3 (solid line), 4 (dashed line), 5 (dotted line) and 6 (dash-dot 
line). 
 
Figure 5.5. Stream-wise flow velocity profile along cross section 2, at the stream-wise centre of the 
strait.  The model is run with free-slip boundary conditions at island and coastline.  Fluidity 
predictions for Mesh 3 (solid line), 4 (dashed line), 5 (dotted line) and 6 (dash-dot line). 





























Figure 5.6. Stream-wise flow velocity profile at cross section 3, one diameter downstream from the 
centre of the circular island.  The model is run with free-slip boundary conditions at island and 
coastline.  Fluidity predictions for Mesh 3 (solid line), 4 (dashed line), 5 (dotted line) and 6 (dash-dot 
line). 
 
Figure 5.7. Stream-wise flow velocity profile at cross section 4,two diameters downstream from the 
centre of the circular island.  The model is run with free-slip boundary conditions at island and 
coastline.  Fluidity predictions for Mesh 3 (solid line), 4 (dashed line), 5 (dotted line) and 6 (dash-dot 
line). 




























Figure 5.8. Stream-wise flow velocity profile at cross section 2, at the stream-wise centre of the strait.  
The model is run with no-slip boundary conditions at island and coastline.  Fluidity predictions for 
Mesh 3 (solid line), 4 (dashed line), 5 (dotted line) and 6 (dash-dot line). 
 
Figure 5.9. Stream-wise flow velocity profiles at cross section 4, two diameters downstream from the 
centre of the circular island.  The model is run with no-slip boundary conditions at island and 
coastline.  Fluidity predictions for Mesh 3 (solid line), 4 (dashed line), 5 (dotted line) and 6 (dash-dot 
line). 
Figure 5.10 shows the unstructured mesh used to discretise the island-landmass domain, 
based on the mesh edge lengths detailed for Mesh 4 in Table 5.1.  The mesh contains 8,027 
vertices and 16,054 elements.  In addition, a regular grid of 80 isosceles triangles is placed at 






















the narrowest section of the strait where power extraction is implemented.  The width Bf of 
the farm is equal to s.  The length Lf of the farm is equal to h, which is of same order of size 
as the element mesh edge length used to discretise the island and the strait.  The length of the 
farm used is also in agreement with the expected footprint of a staggered two row tidal array. 
 
Figure 5.10. Unstructured spatial discretisation of the island landmass domain, with a regular biased 
right isosceles triangles grid used to delineate the tidal farm at the strait. 
5.3. Dynamic analysis 
This section presents results from the dynamic sensitivity analysis of the resource in the 
island-landmass coastal site.  In all cases, simulations are run for seven tidal periods, with 
the first two tidal periods corresponding to the ramp-up of the system (Eq. 5.2).  The 
following two tidal periods correspond to spin-up of the system to obtain a stable flow 
dynamic response.  The final three tidal periods are used in the resource assessment of the 
strait. 
5.3.1 Island in the proximity of a semi-infinite landmass 
This section presents tidal power resource assessments for an island of dimensions Li = Bi = 
Øi = 50h = 0.0023λ and a landmass.  Here, λ is the wavelength of the M2 tide in shallow 
water of depth h.  The strait width s is equal to Øi.  Unless otherwise stated, the domain 
length L = 0.1581λ and width B = 0.0452λ.  From now on, this domain is referred to as an 
island-landmass baseline system.  To understand the influence of choice of boundary 
conditions on power extracted, three scenarios are considered: a free-slip condition at the 
solid boundaries of the island and landmass; a no-slip condition at the island and landmass 
boundaries; and a domain with a non-uniform bathymetry in the strait region (Figure 5.11), 
referred to as the non-uniform seabed scenario.  In this scenario, water depth is increased 
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linearly from h = 5 m at the island and landmass boundaries to h = 40 m at a distance 0.1Øi 
off the boundaries. 
 
Figure 5.11. Top (left) and lateral (right) sketches of water depth profile defined in the island-
landmass non-uniform seabed scenario. h = 5 m (solid line), h = 20 m (dashed line) and h = 40 m 
(dotted line). 
Figure 5.12 shows the tidal flow speed distributions as contour plots for the three scenarios, 
at times T/4, T/2, 3T/4 and T.  Figure 5.13 presents the vorticity contour plots for the three 
scenarios, at times T/2 and T.  As observed in the validation test in Section 4.8, a no-slip 
boundary condition at the island is required to yield a wake of the vortex-shedding type.  The 
non-uniform seabed scenario presents similar dynamic behaviour and wake type than that 




Figure 5.12. Flow speed contour plots for the free-slip (left), no-slip (centre) and non-uniform seabed 
(right) scenarios taken at (a) T/4, (b) T/2, (c) 3T/4 and (d) T. 
 
Figure 5.13. Vorticity contour plots for the free-slip (left), no-slip (centre) and non-uniform seabed 
(right) scenarios taken at (a) T/2 and (b) T. 
Figure 5.14 shows the averaged contour plots of the speed and kinetic power over three tidal 
cycles obtained in the free-slip scenario.  As predicted by the potential flow theory presented 
in Section 4.3, higher velocities and consequently kinetic power densities are obtained north 




Figure 5.14. Contour plots of the three-tidal-cycle averaged speed (a) and kinetic power density (b) 
for the free-slip scenario. 
Power extraction level in the tidal farm is characterised by a parameter kf (see Section 4.9).  
Power extraction levels kf  between 0 and 4.5 are implemented at the farm in the strait for the 
three scenarios.  Figure 5.15 shows three tidal period-averaged results: undisturbed kinetic 
power , defined as the kinetic power in the strait with no power extraction; natural power 
dissipated on the seabed in the strait in the absence of power extraction ; kinetic power in 
the strait  with the tidal farm present; and power extracted from the flow by the tidal farm 
.  As denoted by [35],  represents an upper limit to power extractable by tidal turbines 
and it is referred as the potential of the strait because the power extraction methodology does 
not account for losses due to mixing behind tidal turbines and the turbine array [149].  There 
is a clear disparity in the kinetic and extracted power figures between the three scenarios.  In 
terms of power extracted, free-slip and no-slip scenarios represent lower and upper bounds.  
The difference in power extracted between the two scenarios can be explained by flow 
separation occurring at the island in the no-slip case, in agreement with results from Section 
4.8.  The maximum power extracted for the non-uniform seabed scenario lies between that 
obtained for the free-slip and no-slip scenarios. 
From Figure 5.15, there is no clear relationship between the maximum extracted power and 
the natural power dissipated in the strait in any of the three scenarios.  Results from the no-
slip scenario may indicate a link between maximum extracted power and undisturbed kinetic 
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power.  However, the undisturbed kinetic power is not a good indicator of the maximum 
power extracted in the free-slip and non-uniform seabed scenarios.  Kinetic power in the 
strait also behaves differently for the three scenarios.  For low extraction levels kf < 0.5, the 
rate of decrease in the free-slip and non-uniform seabed scenarios is higher than in the no-
slip scenario, but it is approximately the same for kf  > 0.5. 
 
Figure 5.15. Power profiles as functions of kf for a strait between an island and landmass: free-slip 
(black), no-slip (red) and non-uniform seabed (green) scenarios.  Extracted power for a tidal farm 
located in the strait (solid line); kinetic power for the strait with the tidal farm present (dash-dot line); 
kinetic power for undisturbed conditions in the strait (dotted line); and natural power dissipated on the 
seabed at the strait (dashed line).  Markers indicate output data from the numerical model. 
During the pre-feasibility stages of a tidal project, developers may only have access to 
velocity data from which to derive an estimate of the undisturbed kinetic power .  For this 
reason, it is interesting to investigate the ratio of the power extracted  to the undisturbed 
kinetic power , .  For maximum power extraction  obtained in all three scenarios for kf 
> 2, the power ratios are  = 0.49, 0.96, and 0.74 for the free-slip, no-slip, and non-uniform 
seabed scenarios respectively.  The value of  for the non-uniform seabed scenario is close 
to the mean of the free-slip and no-slip values. 
Consequent flow reductions at maximum  will make tidal projects commercially unfeasible 
in addition to bringing about possibly unacceptable changes to the local environment.  For 
instance, when  is one-third maximum , the percentage decreases in  compared to  
are approximately 30 %, 20 % and 34 % for the free-slip, no-slip and non-uniform seabed 
scenarios. 















The extraction levels kf can be converted into an approximate equivalent number of turbines 
NT (Section 3.2.2.1) to give a more realistic idea as to what are the orders of magnitude 
analysed.  Consider a 1 MW power rated PR turbine of 20 m rotor diameter ØT with cut-in 
speed UC of 1m/s and rated speed UR of 2.5 m/s.  The following CP function defines the 










where AT is the rotor swept area. 
 
Figure 5.16. Turbine power coefficient Cp as a function of incident flow speed between 0 and 4 m/s. 
The above power curve is valid for an isolated turbine or for a limited number of turbines.  
However, site dynamics and tidal array arrangement will impact the overall power 
coefficient CP experienced by turbines in large arrays [150].  Due to the dependency between 
CP, power extracted by turbines, and flow reduction in the site, an iterative turbine design 
procedure will be required to maximise power output from the array [46]. 
The projected area of the turbine’s support structure AS is considered to be equivalent to 10 
% of the turbine rotor swept area.  Herein, both thrust CT and support structure drag CD 
coefficients are assumed constant and set equal to 0.8 and 0.9 respectively [49].  Thus, the 
equivalent number of turbines may be computed as: 















where Af is the area through which power is extracted from the flow, in this case it is equal to 
the area of the tidal farm (i.e. ). 
Table 5.2 includes the equivalent number of turbines NT for extraction levels kf between 0 
and 1.12.  The period-averaged power  generated by the tidal array is computed from NT, 
CP curve, and velocity field at the farm over a duration of three tidal cycles.  The capacity 
factor CF of the tidal farm during the three tidal cycles is computed based on ,  NT and PR 
as: 
=  (5.5) 
Finally, Table 5.2 shows the percentage decrease in mean strait velocity ∗ and mean kinetic 
power in the strait ∗  over three tidal periods against the case with no power extraction in 
the strait. 
kf 0.02 0.03 0.07 0.14 0.28 0.56 1.12 
NT 10 20 40 80 160 320 640 
 [MW] 3.7 7.2 13.4 23.2 35.5 47.2 54.2 
CF [%] 37.2 35.9 33.5 29.0 22.2 14.8 8.5 
∗ [%] 1.6 3.1 5.9 10.7 17.7 26.9 37.6 
∗ [%] 5.4 10.2 18.8 32.1 48.6 65.3 79.1 
Table 5.2. Extraction levels and equivalent number of turbines in the strait.  Period-averaged tidal 
farm power generated, tidal farm capacity factor, percentage decrease in mean strait velocity, and 
percentage decrease in mean kinetic power; in each case, the averaging is over three tidal periods. 
The power generated and capacity factor figures in Table 5.2, together with an economic 
model, will help developers to identify the optimal economic number of turbines in the tidal 
farm.  As mentioned earlier, this economic optimum NT is likely to be a small fraction of the 
NT at maximum power extracted.  In addition, the flow reduction at the economic optimum 
point may be unacceptable from an environmental point of view.  In this case, NT may be set 
by environmental constraints and be below the economic optimum. 
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Unlike a channel connecting two infinite basins, where there is only one path for the flow, in 
the island-landmass system there are two routes for the flow: through the strait and the 
offshore side of the island.  The two paths exert an identical resistance to flow under equal 
water depths and bottom friction conditions.  Because of the existence of an alternative flow 
path, it is interesting to understand the effects of power extraction on the system flow 
dynamics.  To do this the volumetric flow rate, = ℎ , is considered along two cross-
sections of length l; one across the shortest distance between the landmass and the island, 
and the second of equal length but spanning offshore of the island.  The choice of offshore 
cross-section length is in accordance with the results from Section 4.4 which showed that at 
a distance equal to the island diameter, the stream-wise velocity attains a value close to the 
free-stream velocity.  For each scenario the volumetric flow rate is normalised by the 
volumetric flow rate in the absence of power extraction, ; the results are presented in 
Figure 5.17.  The trends of the volumetric flow rate across the strait are in agreement with 
the diminishing rates in kinetic power across the strait shown in Figure 5.15.  Figure 5.17 
also reveals that the reduction in volumetric flow rate through the strait does not convert into 
an equivalent increase of flow rate through the analysed section at the offshore side of the 
island.  This implies that the fraction of power lost by the system due to power extraction at 
the strait is not recovered. 
 
Figure 5.17. Changes in the ratio of actual to undisturbed volumetric flow rate for free-slip (black), 
no-slip (red), and non-uniform seabed (green) scenarios at different levels of power extraction.  
Volumetric flow rates are calculated across the tidal farm (solid line) and through a cross-section of 
identical length at the offshore side of the island (dashed line).  Markers indicate discrete points 
computed using the numerical model. 
















Comparison of Figure 5.17 with Figure 5.15 reveals that the maximum power extracted may 
be reached when flow through the strait is in the 60-40 % range of the volumetric flow rate 
in the absence of power extraction (Figure 5.18).  Similar to a channel, numerical tests 
showed that maximum power extracted in a strait may be reached when flow is reduced to 
57.7 % of the flow in the absence of power extraction, in agreement with the work from 
GC2005 [11] and Bryden and Couch [43].  At maximum , the resulting bypass volumetric 
flow rate to flow in undisturbed conditions is 1.21, 1.09 and 1.14 for the free-slip, no-slip 
and non-uniform seabed scenarios respectively. 
 
Figure 5.18. Power profiles against changes in normalised volumetric flow rate for a strait between an 
island and landmass: free-slip (black), no-slip (red) and non-uniform seabed (green) scenarios.  
Markers indicate output data from the numerical model.  Vertical blue dashed line indicates a 
volumetric flow rate in the strait equal to 57.7 % of the undisturbed conditions. 
To understand better the relationship between levels of power extraction and bypass flow, 
the velocity streamlines are visualised for the free slip scenario.  Figure 5.19 and Figure 5.20 
show respectively the velocity streamlines without power extraction and with high power 
extraction where kf = 2.24.  The large resistance in the strait caused by the power extraction 
leads to flow being diverted to the offshore side of the island where resistance is lower. 
















Figure 5.19. Steady-state velocity streamlines for the free-slip island-landmass scenario in the absence 
of power extraction at the strait. 
 
Figure 5.20. Steady-state velocity streamlines for the free-slip island-landmass scenario with power 
extraction in the strait corresponding to kf = 2.24. 
Draper [13] analysed the extracted power at a strait between an island with a high width to 
length ratio and a landmass representing the Pentland Firth.  He found that the increase of 
driving head along the strait produced by the power extraction was the main cause of 
discrepancy with results from the model of a channel connecting two infinite ocean basins 
proposed by GC2005.  Allowing for this difference, Draper concluded that the GC2005 
channel model provided a satisfactory representation of the basic physics in the strait.  This 
conclusion was only valid at the scale of island assessed, where there was negligible bypass 
flow.  However, as Figure 5.17 indicates, the bypass flow is not negligible in the island-
landmass system analysed herein.  Figure 5.21 and Figure 5.22 show the effects of power 
extraction levels on the head driving the flow in the strait δwi – δei (Figure 5.1) throughout 
three tidal periods in the free-slip and no-slip scenarios respectively for zero, low (kf = 0.14) 
and high (kf = 2.24) power extraction levels.  As observed by Draper, the increase in power 
extraction yields to an increase in the amplitude of the head driving the flow in the two 
scenarios.  The higher head driving amplitudes observed in the no-slip scenario are in 




Figure 5.21. Flow driving head between entrance and exit of the strait for the free-slip scenario: no 
power extraction (solid line); low extraction kf = 0.14 (dotted line); and very high extraction kf  = 2.24 
(dashed line). 
 
Figure 5.22. Flow driving head between entrance and exit of the strait for the no-slip scenario: no 
power extraction (solid line); low extraction kf = 0.14 (dotted line); and very high extraction kf  = 2.24 
(dashed line). 
In the free-slip scenario, based on the amplitude of the head driving the flow in undisturbed 
conditions shown in Figure 5.21, the GC2005 channel model with γ = 0.22 (Section 4.9.2) 
predicts a maximum extracted power in the order of about 45 MW.  The peak flow lags the 
peak head drop along the strait by 35º, and so according to GC2005 γ can be approximated 
by 0.2, which leads to a predicted maximum power extracted of 40.7 MW.  These values are 
67.7 % and 78.3 % lower than the numerically computed values in the free-slip case.  For the 































no-slip scenario, the peak flow lags 5º the peak head drop, leading to γ = 0.21.  The values of 
maximum power extracted for γ = 0.22 and 0.21 are 81.6 and 77.9 MW respectively, which 
are 60.5 % and 62.3 % lower than the numerical estimates of maximum power extracted.  
Consequently, the GC2005 model may not apply to this case, where the island geometry 
scale does not prevent bypass flow effects, and the head driving the flow increases with 
extraction rate. 
5.3.1.1 Viscous environment 
In numerical models of actual coastal sites, the eddy viscosity is occasionally used as a 
calibration parameter [89].  It is important to understand the sensitivity of the power 
extracted in the strait to the way viscosity is defined in the model.  For model and flow 
conditions, the values of eddy viscosity coefficient from Eq. (3.23) are in the range 10-1-1 
m2s-1 in the vicinity of the island.  Sensitivity to choice of value of the eddy viscosity 
coefficient is assessed by comparing results obtained with Eq. (3.23) against those for 
constant kinematic viscosity values of ν = 10-6, 1, and 100 m2s-1, which correspond to the 
molecular kinematic viscosity, and two typical eddy viscosity values used in calibration of 
numerical models [89]. 
Table 5.3 and Table 5.4 show the effect on kinetic power in the strait and extracted power 
due to the choice of eddy viscosity coefficient at three extraction levels, for the free-slip and 
no-slip scenarios respectively.  In each free-slip and no-slip scenarios, the empirical depth-
averaged parabolic and constant (ν = 10-6 and 1 m2s-1) depth-averaged viscosity cases yield 
very similar kinetic and extracted power results.  The case with ν = 100 m2s-1 yields different 
kinetic and extracted power results, and the difference is greater in the no-slip scenario than 
in the free-slip scenario.  Interestingly, for the no-slip scenario with ν = 100 m2s-1, the ratio 
of  to kinetic flux in the absence of turbines is 95.1 %, which is almost identical to ratios 
obtained for the other three viscosity cases assessed.  In the free-slip scenario, this ratio at ν 
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0 280.9 n.a. 280.5 n.a. 279.8 n.a. 250.4 n.a. 
0.14 190.7 53.6 190.6 53.5 190.0 53.4 191.0 53.6 
2.24 31.0 138.7 30.9 138.4 31.0 139.0 36.9 165.2 
Table 5.3. Kinetic power in the strait and extracted power for a tidal farm located in a strait for the 
free-slip scenario with prescribed extraction levels kf = 0, 0.14 and 2.24.  Eddy viscosity is defined 
using a depth-averaged parabolic eddy viscosity formula or using constant viscosity coefficient values 
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0 213.9 n.a. 214.3 n.a. 214.2 n.a. 115.8 n.a. 
0.14 185.2 52.0 185.9 52.2 183.9 51.6 96.4 27.0 
2.24 46.1 206.5 46.0 206.0 45.3 202.9 24.6 110.1 
Table 5.4. Kinetic power in the strait and extracted power for a tidal farm located in a strait for the no-
slip scenario with prescribed extraction levels kf = 0, 0.14 and 2.24.  Eddy viscosity is defined using a 
depth-averaged parabolic eddy viscosity formula or using constant viscosity coefficient values of 10-6, 
1 and 100 m2s-1. 
5.3.1.2 Frictional environment 
In a similar fashion to viscosity, bottom friction is used as a calibration parameter when 
modelling real coastal sites [51] [94] [151].  Based on the range of bottom drag coefficients 
shown in Table 3.1 (Section 3.2.1.1), the sensitivity of the power extracted in the strait to 
bottom friction is tested using three dimensionless friction coefficients Cd = 0.00125, 0.0025 
and 0.005.  Figure 5.23 plots the tidal period-averaged results (over three tidal cycles) of 
,  ,  and  for the three assessed Cd values.  Given that the head driving the 
amplitude is kept constant, it is not surprising that the lowest Cd yields the highest .   
behaves different to , and more power is dissipated from the bottom when Cd increases.  
The percentage decrease in  compared to  when power extraction is a third of the 
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maximum  is in the order of 32 % for Cd = 0.0025 and approximately 23 % for Cd = 
0.00125 and 0.005.  The increasing difference in resistance between the strait and the 
offshore path for increasing kf leads to higher bypass flows for lower bottom frictions (Figure 
5.24).  The ratios of bypass volumetric flow rate to the flow in undisturbed conditions at 
maximum  are 1.25, 1.21 and 1.17 for Cd equal to 0.00125, 0.0025 and 0.005 respectively.  
From these results, it is clear that lower Cd yields higher bypass flow rates as would be 
expected.  Finally, the results show that lower Cd leads to higher  as less power is naturally 
dissipated by the bottom and there is more power available for the tidal farm. 
The change in bottom friction is consistent with earlier conclusions, and the maximum 
power extracted does not seem to relate to the undisturbed kinetic power or the power 
naturally dissipated by the bottom.  However, the results confirm the sensitivity of the 
resource assessment to the frictional environment characterisation of the domain.  This 
sensitivity requires further analysis and, in the particular case of the Pentland Firth in the 
U.K., has led to some discrepancies in the assessment of the resource [51] [152]. 
 
Figure 5.23. Power profiles as functions of kf for a strait between an island and landmass: Cd = 0.0025 
(black), Cd = 0.00125 (red) and Cd = 0.005 (green) scenarios.  Extracted power for tidal farm located 
in the strait (solid line); kinetic power for the strait with the tidal farm present (dash-dot line); kinetic 
power for undisturbed conditions in the strait (dotted line); and natural power dissipated on the seabed 
at the strait (dashed line). 


















Figure 5.24. Changes in the ratio of actual volumetric flow rate to that in undisturbed conditions for 
Cd = 0.0025 (black), Cd = 0.00125 (red) and Cd = 0.005 (green) scenarios at different levels of power 
extraction.  Volumetric flow rate across the tidal farm (solid line) and through a cross-section of 
identical length at the offshore side of the island (dashed line). 
5.3.1.3 Water depth 
The results of the free-slip and no-slip scenarios were previously compared to the non-
uniform seabed scenario emulating a realistic bathymetry in the island-landmass system.  
Here, the sensitivity of the power extracted in the strait to water depth is assessed.  The first 
part analyses the free-slip scenario where water depth is increased from h to 4h in the 
continental shelf.  The second part modifies the non-uniform seabed scenario, increasing the 
water depth at the offshore side of the island from h to 4h. 
Figure 5.25 shows the effects of increasing extraction levels in the strait on ,  ,  and 
 when water depth in the domain is set to 4h.  An increase of water depth to 4h leads to a 
rise of  by a factor of six compared to the case where the water depth is h (Figure 5.15).  
As the bottom friction is kept constant, any increase in water depth results effectively in a 
lower resistance to the flow by the system, and thus higher kinetic power at the strait.  This is 
also observed in , where the relatively lower power rates naturally extracted by the system 
lead to higher extracted power by the farm in the strait.  Unlike previous cases analysed, here 
the maximum power extracted is observed to be between kf = 4.47 and 8.95.  Trends 
observed for increasing water depths are similar to those observed when reducing Cd.  There 
















is a reduction of about 24 % in  compared to  when a third of the maximum  is 
extracted from the strait; this is slightly lower than the 30 % reduction in the free-slip 
scenario with depth equal to h.   Figure 5.26 exhibits the changes in flow through the strait 
and the offshore side of the island.  Flow ratios through the strait and offshore side of the 
island are similar to those obtained when the water depth is equal to h (Figure 5.17).  The 
rate of actual bypass volumetric flow rate to that in undisturbed conditions for maximum  
is equal to 1.21, which is identical to the ratio found in the free-slip scenario with water 
depth equal to h. 
 
Figure 5.25. Power profiles as functions of kf for a strait between an island and landmass for a domain 
of water depth 4h.  Extracted power for tidal farm located in the strait (solid line); kinetic power for 
the strait with the tidal farm present (dash-dot line); kinetic power for undisturbed conditions in the 
strait (dotted line); and natural power dissipated on the seabed at the strait (dashed line). 

















Figure 5.26. Changes in the volumetric flow rate to flow in undisturbed conditions ratio for the island-
landmass system of water depth 4h for different levels of power extraction.  Volumetric flow rate 
across the tidal farm (solid line) and through a cross-section of identical length at the offshore side of 
the island (dashed line). 
Figure 5.27 sketches a bird’s eye view of the island-landmass domain from above, where the 
water depth increases linearly northwards from the island (from 0.125h at the island to 4h at 
a distance 0.4Øi north of the island).  The water depth also linearly increases from h to 4h 
west and east of the island along the landmass throughout the continental shelf limits.  Power 
extraction is implemented across the entire cross-section of the strait following the 
methodology used in the non-uniform seabed scenario. 
 
Figure 5.27. Plan view of water depth contours defined in the island-landmass system: depth 0.125h 
(solid line); 0.5h (dashed line); h (dotted line); 2h (dash dot line); 3h (long dash); and 4h (long dash 
dot dot line). 
















Figure 5.28 compares the (three-tide) period-averaged power coefficients, , ,  and , 
for the non-uniform seabed scenario with water depth h offshore against corresponding 
values for the case where the water depth offshore is 4h.  In both cases  and  are 
identical, which means that the increase of depth offshore of the island does not have any 
direct effect on the flow dynamics in the strait in undisturbed conditions.  There is a 
percentage decrease of 41 % in when a third of the maximum  is extracted in the strait.  
This figure is higher than the 34 % decrease in  obtained in the non-uniform seabed 
scenario where water depth was equal to h both in the strait and offshore side of the island.  
Maximum  decreases from 180 MW to 130 MW when water depth offshore of the island is 
increased from h to 4h.  This decrease in maximum  has direct implications for tidal 
resource assessment and highlights the need for tidal site developers to be aware of the effect 
of far-field bathymetry. 
Due to the increase of water depth offshore of the island, there is a reduction in resistance to 
the flow in the offshore direction, which leads to higher bypass flow rates as the extraction 
level increases in the strait.  This trend in volumetric flow rate ratios is shown in Figure 5.29, 
where volumetric flow rate ratios through the strait are lower for equal extraction levels 
when the depth is 4h offshore than when the depth is equal to h.  The use of flow ratios leads 
to counterintuitive bypass flow figures because deeper offshore depths decrease volumetric 
flow rate ratios offshore.  Figure 5.30 shows the absolute difference between the actual to 
undisturbed volumetric flow in the strait and offshore of the island.  For power extraction 
levels below 2.24, the offshore bypass flow is more predominant for water depth 4h than 
water depth h.  However, for kf above 2.24 this trend is inversed, which may be explained by 
the increase in complexity of the fluid dynamics at the site induced by the differences in 




Figure 5.28. Power profiles as functions of kf for a strait between an island and landmass: depth h 
offshore (black) and depth 4h offshore (red). Extracted power for tidal farm located in the strait (solid 
line); kinetic power for the strait with the tidal farm present (dash-dot line); kinetic power for 
undisturbed conditions in the strait (dotted line); and natural power dissipated on the seabed at the 
strait (dashed line). 
 
Figure 5.29. Variations in the ratio of actual to undisturbed volumetric flow for different levels of 
power extraction:  depth h offshore (black); and depth 4h offshore (red). Volumetric flow rate across 
the tidal farm (solid line) and through a cross-section of identical length at the offshore side of the 
island (dashed line). 































Figure 5.30. Absolute difference between the actual to undisturbed volumetric flow in the strait and 
offshore of the island for different levels of power extraction:  depth h offshore (black) and depth 4h 
offshore (red). Volumetric flow rate across the tidal farm (solid line) and through a cross-section of 
identical length at the offshore side of the island (dashed line). 
5.3.1.4 Tidal farm area 
This section analyses the sensitivity of the power extracted from the flow in the strait against 
the area over which power extraction is implemented.  The tidal farm configuration (plan 
area and shape) may affect the results when carrying out a resource assessment.  This is 
obviously important when the method employed to account for power extraction in the 
numerical model is based on uniform force acting on the flow smeared across an area.  As 
discussed in Section 2, there is currently no agreement on the choice of the area of the farm 
when using this methodology of power extraction in a numerical model.  In order to 
understand better the effects of the choice of farm area and shape on the resource assessment 
in the strait, the free-slip scenario presented in Section 5.3.1 is run for three farm layouts 
(Figure 5.31): (a) thin strip of dimensions h x Øi (where Øi = s)1; (b) rectangular farm of 
dimensions (Øi + h) x Øi and area 51 times bigger than the thin strip farm; and (c) almost 
rectangular farm of side length Øi / 2 adapted to the circular shape of the island on the north 
side of the farm (which allows it to fill the entire strait and have a total area 26 times bigger 
than the thin strip farm). 
                                                   
1 Note this is the farm layout that has been used in the results prior to this section. 

















Figure 5.31. Assessed areas where power is extracted from flow in the strait: (a) rectangular farm of 
dimensions h x Øi; (b) rectangular farm of dimensions (Øi + h) x Øi; and (c) almost rectangular farm 
with length equal to Øi / 2 implemented along the circular contour of the island and filling the entire 
strait. 
Figure 5.32 plots the (three-tide) period-averaged power coefficients, ,  ,  and , for 
the three tidal farm layout cases as functions of the equivalent number of turbines NT in the 
farm (Section 5.3.1).  Power extraction and kinetic power curves for cases (a) and (c) are 
very similar.  Results show that case (b) yields a higher maximum  in the strait than cases 
(a) and (c).  Case (b) also yields higher  than cases (a) and (c) due to high local velocities 
experienced at the low resistance area between the island and farm.  This occurs because in 






Figure 5.32. Power profiles as functions of NT for a strait between an island and landmass: rectangular 
farm of dimensions h x Øi (black); rectangular farm of dimensions (Øi + h) x Øi (red); rectangular 
farm with length equal to Øi / 2 implemented along the circular contour of the island and filling the 
entire strait (green). Extracted power for tidal farm located in the strait (solid line), kinetic power for 
the strait with the tidal farm present (dash-dot line), kinetic power for undisturbed conditions in the 
strait (dotted line) and natural power dissipated on the seabed at the strait (dashed line). 
The area between island and farm represents a low resistance path to the flow, which 
combined with geometry effects due to the circular shape of the island, increases local 
velocities (Figure 5.33b).  The cubed relationship between velocity and power extracted 
explains the higher power extracted figures observed in case (b).  Farm layouts (a) and (c) 
ensure a uniform resistance distribution to the flow across the entire strait cross-section 
(Figure 5.33a and c), thus excluding the presence of a low resistance flow path.  This is 
confirmed as both cases (a) and (c) yield a similar maximum . 















Figure 5.33. Contour flow speed plots obtained for farm cases (a), (b) and (c) with an equivalent 
number of turbines NT = 1,280 turbines at peak flow propagating from east to west of the domain. 
The near independence of the power extracted at the strait to the choice of the area of the 
farm observed in cases (a) and (c) agrees with the results from the sensitivity analysis of the 
influence of farm area carried out in a channel connecting two infinite ocean basins in 
Section 4.9.  In both strait and channel examples the flow is constrained by the presence of 
the island-landmass and channel sides respectively.  This conclusion may vary if power 
extraction is implemented at the offshore side of the island, where flow is only partially 
constrained by the island [13]. 
5.3.1.5 Strait blockage by tidal farm 
In actual sites, the area where turbines can be installed may be constrained due to technical 
(e.g. minimum water depth needed for turbine technology), commercial (e.g. shipping 
routes), environmental (e.g. mammal migratory routes) and social (e.g. local community 
acceptance) factors.  Consequently, the design of the original farm layout may have to be 
modified to comply with these limitations and the final farm layout may differ from the 
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optimum from a power generation point of view.  This section analyses the effects on the 
power extracted at the strait when tidal farms cannot block the entire cross section of the 
strait.  Nishino and Wilden [153] explored the efficiency of turbines of an array of tidal 
turbines partially blocking a wide channel.  For small blockage ratios Nishino and Wilden 
found an increase in turbine efficiency with a reduction in the intra-turbine spacing until 
there was a reduction of flow through the entire array.  For high blockage ratios the 
efficiency of turbines increases monotonically with the reduction of intra-turbine spacing. 
The analysis is carried out using the non-uniform seabed scenario analysed in Section 5.3.1 
(Figure 5.11).  Here, three cases of array to strait width ratios are analysed (Figure 5.34): (a) 
turbines are installed across the entire cross-section of the strait, independent of water depth; 
(b) turbines are only installed where depths are equal or greater to h, representing an 
effective 80 % blockage of the strait; and (c) turbine installation is constrained by minimum 
water depth and for environmental reasons there is a minimum clearance between farm and 
island and farm and landmass of 0.2Øi, leading to an effective strait blockage of 60 %.  
 
Figure 5.34. Grids used in the assessment of three blockage ratios in a strait with power extraction: (a) 
100 % blockage; (b) 80 % blockage; and (c) 60 % blockage. 
Figure 5.35 plots the (three-tide) period-averaged power coefficients, ,  ,  and , for 
the three strait blockage ratio cases analysed, against the equivalent number of turbines in the 
farm.  The reduction in blockage ratio leads to alternative low resistance flow paths within 
the strait, which are then translated into three effective bypass flow paths in the system 
island-landmass (Figure 5.36): the route between the farm and the landmass; the route 
between the farm and the island; and the route through the offshore side of island.  The 60 % 
blockage ratio case leads to lower maximum  at the strait than the other two cases.  The 80 
% blockage ratio yields a maximum  in the same range as in the 100 % blockage ratio case 
but for a lower number of turbines and consequently lower kf.  The reduction of water depth 
between farm and island and farm and landmass increases frictional resistance, which limits 
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the bypass flow and explains why the 80 % and 100 % blockage ratio cases yield similar 
results.  In addition, higher  values are achieved in the 80 % blockage ratio case than in the 
100 % case when the number of turbines is below 1280.  This has important implications for 
site selection and tidal array design as it shows that it is not critical to implement power 
extraction at shallow regions of the strait (e.g. by using turbines of smaller size and power 
rating) to reduce or prevent bypass flow.  Interestingly, for a number of turbines fewer than 
200, which as discussed in Section 5.3.1 is likely to be commercially viable, the 60 % 
blockage ratio case yields similar  to the 100 % blockage case.  The results agree with 
Nishino and Wilden [153] as in the 60 % blockage ratio case power increases with array 
density until flow through the farm starts to diminish, but power extraction continues to 
increase with array density in the 100 % blockage ratio case.  The rates of decrease in  are 
lower as strait blockage ratio is decreased because the flow velocity reduction in the farm 
area is counterbalanced by an increase of flow velocity in the bypass regions of the strait.  
However, high levels of power extraction with partial blockage could lead to significant 
increases in flow velocity in the bypass regions, leading to local seabed erosion. 
 
Figure 5.35. Power profiles as functions of NT for a strait between an island and landmass for three 
extraction blockage ratios in the strait: 100 % (black); 80 % (red); and 60 % (green).  Extracted power 
for tidal farm located in the strait (solid line); kinetic power for the strait with the tidal farm present 
(dash-dot line); kinetic power for undisturbed conditions in the strait (dotted line); and natural power 
dissipated on the seabed at the strait (dashed line). 
















Figure 5.36. Contour flow speed plots for NT = 1,280 turbines, flow from west to east, and strait 
blockage ratios: (a) 100 %; (b) 80 %; and (c) 60 %. 
Figure 5.37 shows volumetric flow rate ratios obtained for the three blockage ratios in the 
strait.  It can be seen that the volumetric flow rate through the strait exhibits a similar trend 
to , with lower strait blockage ratios having a lower impact on the flow through the strait.  
The increase in power extraction leads to similar decay rates in the flow through the farm in 
both the 60 % and 80 % blockage ratio cases.  The decrease in volumetric flow rate through 
the farm is balanced by an increase in the flow through the bypass routes in the strait, and 
this increase is higher in the 60 % than in the 80 % blockage ratio case.  Half of the bypass 
routes in the 60 % blockage ratio case occur for a water depth h, indicating why this may 
present higher rates of increase in the bypass flow.  It appears that higher bypass flow rates 
offshore of the island are achieved in the 60 % and 80 % blockage ratio cases.  These results 
may be explained by complex flow dynamic interactions between power extraction, and farm 





Figure 5.37. Variation in ratio of volumetric to undisturbed flow rates as a function of the number of 
turbines for three extraction blockage ratios in the strait: 100 % (black); 80 % (red); and 60 % (green). 
Volumetric flow rate across the strait (solid line); through the farm in the strait (dotted line); 
bypassing the farm at the strait (dash-dot line); and through a cross-section of identical length as the 
strait at the offshore side of the island (dashed line). 
5.3.1.6 Power extraction capping 
The conversion of kf into an equivalent number of turbines in the farm applied in previous 
sections assumed a constant value for the supporting structure drag CD and rotor thrust CT.  
However, in reality the parameter CD is a function of local flow velocity and may change 
with time with increasing bio-fouling growing on the supporting structure.  Moreover, the 
value of CT varies with local flow speeds and angle of attack of flow experienced by the 
turbine blades.  Turbine blades can be pitched to reduce power output to rated power above 
rated flow speeds.  If the ratio between the power coefficient CP and thrust coefficient CT is 










For current speeds between UC  and UR, the suggested design values CP0 = 0.45 and CT0 = 
0.80 from Bahaj et al. [154] are used. 

















Figure 5.38. Turbine CT curve based on incident flow speed between 0 and 4 m/s [49]. 
Figure 5.39 shows the (three-tide) period-averaged power coefficients, ,  ,  and , 
obtained for constant and variable thrust cases as functions of the equivalent number of 
turbines in the farm.  Here the number of turbines is kept below 320, where, according to 
Table 5.2, the resulting capacity factor of the farm may be still economically viable.   is 
similar for both constant and variable CT, with the most obvious difference below 160 
turbines; as expected, the reduction in  for the variable CT is lower than when CT is 
constant because turbines with variable CT exert lower forces on the flow and thus lead to 
lower reductions in the flow momentum. 













Figure 5.39. Power profiles as functions of NT for a strait between an island and landmass: tidal 
turbines implemented with constant CT (black); and local flow speed dependent CT (red).  Extracted 
power for tidal farm located in the strait (solid line); kinetic power for the strait with the tidal farm 
present (dash-dot line); kinetic power for undisturbed conditions in the strait (dotted line); and natural 
power dissipated on the seabed at the strait (dashed line).   
Table 5.5 lists the (three-tide) period-averaged power coefficients  generated by the tidal 
array, the array capacity factor CF, the cross-sectional velocity deficit ∗, and the kinetic 
power deficit ∗ values for an equivalent number of turbines between 10 and 320 with 
constant and velocity-dependent CT.  For NT ≤ 80, the velocity-dependent CT has a lower 
impact on ∗ and ∗ and thus it leads to higher  and CF than for the case with constant CT. 
For Nt > 80, the flow speeds within the farm lie between UC and UD, and CT is constant and 
equal to 0.8.  Consequently, at these levels of extraction both constant and velocity-
dependent CT scenarios display very similar results.  Although the characterisation of tidal 
turbines with a constant thrust coefficient simplifies the complexity of the system, Table 5.5 
highlights that this methodology underestimates the resource available and increases the 
effects on the environment as opposed to modelling the turbines with a realistic thrust curve.  
The ability to adapt rotor thrust to incoming flow velocity (e.g. via blade pitching or stall-
regulated blades) reduces the turbine loading while also controlling turbine output power.  
This enables turbines to generate power more efficiently with less impact on the ambient 
flow field. 
 














NT 10 20 40 80 160 320 
CT Ct f (U) Ct f (U) Ct f (U) Ct f (U) Ct f (U) Ct f (U) 
  
[MW] 
3.7 3.8 7.2 7.3 13.4 13.9 23.2 24.3 35.5 35.4 47.2 47.0 
CF  
[%] 
37.2 37.7 35.9 36.7 33.5 34.6 29.0 30.3 22.2 22.1 14.8 14.7 
∗  
[%] 
1.6 1.1 3.1 2.1 5.9 4.4 10.7 9.1 17.7 17.7 26.9 26.7 
∗  
[%] 
5.4 3.4 10.2 6.8 18.8 13.9 32.1 27.5 48.6 48.8 65.3 65.3 
Table 5.5. Three-tide period-averaged tidal farm power generated, tidal farm capacity factor, 
percentage decrease in mean strait velocity and percentage decrease in mean kinetic power according 
to the equivalent number of turbines in the strait, when turbines are represented with a CT constant or 
function of velocity. 
5.3.1.7 Offshore power extraction 
The previous sections have examined the sensitivity of power extraction in the strait to 
changes in several model parameters.  It has been found that power extraction at the strait 
affects the flow pattern around the island and increases the bypass flow through the offshore 
side of the island.  Atwater and Lawrence [52] studied the effects of power extraction on the 
relative flows in a split tidal channel.  Atwater and Lawrence concluded that although small 
levels of extraction may not alter the total flow through the channel, they can drastically 
affect the relative flows in sub-channels and thus power extraction levels from the channel.  
This has been also considered by Cummins [40], Draper et al. [39], Polagye and Malte [53] 
and Woolf [155] who approximated the multiple flow path problem by an analogue electric 
circuit (Section 2.2.2).  The offshore side of the island is usually associated with deeper 
water but not necessarily slower flow regimes (e.g. the Outer Sound in the Pentland Firth 
[51]).  However, as tidal turbine technology advances into deeper waters, it is worth 
investigating the limits of extraction on the offshore side of the island-landmass system [62] 
[81].  In the future, this would become a two-path island-landmass system, whereby 
extraction levels at each side of the island may be interconnected [156] (e.g. Inner Sound, 
Section 2.3.4). 
The two methodologies highlight that power extraction at both sides of the island could be 
designed to maximise the total power generated from the site.  Power extraction is 
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implemented in the offshore side of the island of the free-slip scenario model over a 
rectangular area of dimensions Lf x Bf, of equal area to that used in the strait of the island-
landmass system.  The farm extends towards the north of the domain from the northern edge 
of the island and it is located at the same stream-wise coordinates in the domain as the farm 
in the strait.  Although inclusion of power extraction north of the island increases net 
blockage of the domain by 50 %, no effect on the resource assessment is expected because 
the width of the domain is sufficiently large.  Table 5.6 lists the (three-tide) period-averaged 
power coefficient , farm CF, ∗ and ∗ deficit for seven power extraction scenarios at 
strait and offshore side of the island. Similar  and CF are obtained when identical kf are 
applied in the strait or offshore side of island.  With regard to changes in ∗ and ∗ due to 
power extraction, a slightly higher percentage decrease is experienced when power is 
extracted in the strait than offshore of the island.  Moreover, the increase in ∗ and ∗ on the 
side of the island where there is no extraction is significantly higher when extraction is 
implemented at the offshore side of the island than when extraction is in the strait.  In 
Scenario 5, when extraction rates kf = 0.14 are applied both in the strait and offshore of the 
island, there is a 50 % increase in  compared to Scenarios 1 and 3 where an extraction rate 
of kf = 0.28 is applied solely at one side of the island. In Scenario 6, kf is increased to 0.28 at 
both sides of the island and a comparison of ∗ and ∗ against the corresponding results 
from Scenario 1 reveals that the reductions in velocity and kinetic power at both sides of the 
island decrease when equal extraction levels are implemented both sides of the island.  This 












Scenario Island Side kf NT  [MW] CF [%] ∗ [%] ∗ [%] 
1 
S 0.28 160 35.5 22.2 -17.7 -48.6 
O 0 0 n.a. n.a. +3.6 +30.0 
2 
S 0.56 320 47.2 14.8 -26.9 -65.3 
O 0 0 n.a. n.a. +7.5 +46.0 
3 
S 0 0 n.a. n.a. +12.3 +46.9 
O 0.28 160 35.3 22.0 -14.4 -42.8 
4 
S 0 0 n.a. n.a. +17.4 +68.6 
O 0.56 320 48.5 15.1 -23.2 -60.1 
5 
S 0.14 80 27.9 34.8 -4.5 -15.3 
O 0.14 80 25.8 32.3 -3.2 -12.3 
6 
S 0.28 160 50.0 31.3 -8.4 -26.7 
O 0.28 160 46.9 29.3 -6.2 -23.1 
7 
S 0.56 320 79.2 24.7 -15.0 -43.0 
O 0.56 320 75.2 23.5 -12.0 -39.2 
Table 5.6. Extraction levels and equivalent number of turbines in the strait (S) and offshore side (O) of 
the island.  The table lists values for the (three-tide) period-averaged array power generated, tidal farm 
capacity factor, percentage decrease in mean strait velocity, and percentage decrease in mean kinetic 
power. 
Table 5.6 reveals that tidal extraction at an island-landmass can be optimised for power 
generation considering the system as a two flow path problem.  Addition of power extraction 
to the north of the island displaces the bypass flow path even further north and this is likely 
to affect extraction at the strait.  As mentioned earlier, one way to investigate this problem 
further could be through the use the electrical analogy theory (Section 2.2.2). 
However, power extraction at both sides of an island may not be always technically feasible.  
Sites that fall into the category of island-landmass, such as the Inner Sound in north of 
Scotland [94], have water depths up to 80m offshore of the island (Outer Sound).  First-
generation tidal turbines are limited to relatively shallow waters (h < 50m) [157].  However, 
this technical limitation may be overtaken in coming years with the development of second- 
and third-generation tidal turbines designed to operate in deeper waters [148]. 
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5.3.2 Isolated offshore island 
This section assesses the resource in the vicinity of an island located sufficiently far from the 
coast that the effect of the landmass is negligible.  The distance between island and landmass 
s is set to 9.5Øi, and the system is considered as an isolated offshore island. Power extraction 
is implemented in the south side of the island over a rectangular area of dimensions Lf x Bf.  
The spatial discretisation of the model follows that of Mesh 4 presented in Table 5.1.  The 
mesh contains 7,341 nodes and 14,682 elements (Figure 5.40).  A regular grid of 80 isosceles 
triangles is used at both sides of the island. Power extraction is set up only in the south side 
of the island. 
 
Figure 5.40. Unstructured spatial discretisation of the isolated offshore island domain, with a regular 
grid used at both sides of the island. 
As in the island-landmass baseline system, both free-slip and no-slip boundary conditions are 
used to delineate the island.  This enables analysis of the effect of the landmass on resource 
assessment for the two types of island wall boundary condition.  Free-slip conditions are 
applied to the south and north lateral limits of the domain.  Considering the analysis of the 
island-landmass baseline system (Section 5.3.1), from Figure 5.41 it can be seen that the 
free-slip and no-slip scenarios may also represent lower and upper bounds for the (three-tide) 
period-averaged  for the isolated offshore island.  From Figure 5.41 it is evident that there 
is no clear relationship between the maximum  and the .  In addition,  measured at a 
cross sectional transect (of width equal to Bf) south of the island does not provide a useful 
measure by which to estimate the maximum power extracted.  As in the island-landmass 
baseline system, the rate of decrease of  at low extraction levels (kf < 0.14) is considerably 




Figure 5.41. Power profiles as functions of kf for a tidal farm located south of an isolated offshore 
island: free-slip (black); and no-slip (red) solid boundaries.  Power extracted at farm located south of 
the island (solid line); kinetic power measured across the tidal farm (dash-dot line); kinetic power 
measured across the tidal farm in undisturbed conditions (dotted line); and natural power dissipated on 
the seabed south of the island (dashed line). 
The ratios of extracted power to the undisturbed kinetic power  for the free-slip and no-slip 
scenarios are 0.47 and 0.79 respectively.  Compared to the island-landmass baseline system, 
there is an 18 % decrease for the no-slip scenario, while the free-slip values remain similar.  
Under the same tidal conditions, there is an increase in kinetic power available in the strait in 
the island-landmass baseline system compared to an isolated island because the landmass 
acts to constrain the flow.  However, this effect is diminished when considering the ratio of 
power extracted to the undisturbed kinetic power, and the rates of decay of kinetic power at 
low levels of power extraction. 
Figure 5.42 presents the non-dimensional volumetric flow rates through cross-sectional 
transects of width Bf at the south and north sides of the island.  Comparison between Figure 
5.42 and the variation in volumetric flow rate in the island-landmass baseline system (see 
Figure 5.17) show that the rates of decrease of flow due to power extraction and consequent 
increase of bypass flow in the island system are very similar to those computed for the 
island-landmass baseline system. 















Figure 5.42. Variation of ratio of predicted to undisturbed volumetric flow rate for the free-slip (black) 
and no-slip (red) island boundary conditions at different levels of power extraction: volumetric flow 
rate across the tidal farm (solid line); and scale flow through a cross-section of identical length at the 
north side of the island (dashed line). 
5.3.3 Geometrically long island 
This section analyses the sensitivity of the tidal resource at the strait to the length of the 
island.  The length of the island is equal to Li = 800h = 0.0362λ while the width of the island 
and strait remain Bi = s = 50h = 0.00226λ.  The tidal farm is located at the narrowest part of 
the strait with a geometry length Lf = h and width Bf = s midway along the island in the 
stream-wise direction.  The model is spatially discretised following the criteria used for 
Mesh 4 shown in Table 5.1.  A regular grid containing 80 isosceles triangles is used to define 
the tidal farm.  The resulting mesh contains 19,335 vertices and 38,670 elements (Figure 
5.43). 


















Figure 5.43. Unstructured spatial discretisation of the domain with an island with high length to width 
ratio, with a regular grid in the strait used to define the tidal farm. 
Free-slip and no-slip scenarios are used to analyse the effects on extracted power arising 
from the boundary conditions defined at the island and landmass.  The predictions are 
compared against results previously obtained for the island-landmass system in Section 
5.3.1.  Figure 5.44 shows the contour flow speed plots at peak west-east flow through the 
channel for the free-slip and no-slip scenarios.  Unlike the bluff-body circular island-
landmass case with no-slip condition (Figure 5.12), the present elliptic geometry appears 
streamlined, and does not generate any vortical structures through vortex shedding from the 
island. 
 
Figure 5.44. Contour flow speed (left) and vorticity (right) plots for flow travelling from west to east 
past a geometrically long island: (a) free-slip; and (b) no-slip boundary conditions.   
Figure 5.45 plots the resulting (three-tide) period-averaged power coefficients, ,  ,  
and , obtained for the free-slip and no-slip scenarios over a range kf  values between 0 and 
18.  Compared to the circular island-landmass baseline system, here  is of the order of 
three times larger than , which is in agreement with the larger seabed footprint of the 
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extended elliptical island in the strait.  Unlike the circular island-landmass baseline system, 
here the free-slip scenario yields a higher maximum  than for the no-slip scenario.  Vortex 
shedding is not observed behind the island in either case (Figure 5.44).  The free-slip case 
presents less dynamic resistance to the flow than the no-slip case, and so this is converted 
into a higher .  Based on the island-landmass system analysis in Section 5.3.1, the 
differences between both scenarios may set an upper and lower bound for power extraction 
in the strait.  The maximum  values are 9.6 % and 17.5 % lower compared to  in the free-
slip and no-slip scenarios respectively.  From the results, it appears that power naturally 
dissipated at the seabed may be a good indicator of maximum power extracted in the strait.  
Rates of decay of  are very similar in both free-slip and no-slip scenarios.  Maximum  is 
achieved at a higher kf than in the island-landmass baseline system. 
 
Figure 5.45. Power profiles as functions of kf for a tidal farm located in a strait between a long 
elliptical island and a landmass: free-slip (black); and no-slip (red) solid boundaries.  Power extracted 
at farm located south of the island (solid line); kinetic power measured across the tidal farm (dash-dot 
line); kinetic power measured across the tidal farm in undisturbed conditions (dotted line); and natural 
power dissipated on the seabed south of the island (dashed line). 
Figure 5.46 shows the variation in ratio of volumetric flow rate to that of the undisturbed 
flow with increasing extraction levels in the strait and offshore of the island calculated along 
a transect of equal width to the width of the strait.  There is a lower reduction in the 
volumetric flow rate ratio for the no-slip scenario than the free-slip scenario.  The bypass 
flow ratios are very similar in the free-slip and no-slip scenarios.  The ratio of bypass to 
undisturbed volumetric flow rate for maximum  is equal to 1.03 and 1.02 for the free-slip 














and no-slip scenarios respectively.  These figures of bypass flow ratios are considerably 
lower than those obtained for the island-landmass baseline system (1.21 and 1.09 
respectively). 
 
Figure 5.46. Variation in ratio of predicted to undisturbed volumetric flow rates for free-slip (black) 
and no-slip (red) scenarios for different levels of power extraction in the strait between the long 
elliptical island and landmass.  Volumetric flow rate across the tidal farm (solid line) and through a 
cross-section of identical length at the offshore side of the island (dashed line). 
Figure 5.47 plots the head driving the flow in the strait and offshore of the island for a case 
of no extraction and a case of extraction level kf = 8.95 in the free-slip scenario.  The 
increase in head driving the flow due to power extraction is higher in the strait than offshore 
of the island.  


















Figure 5.47. Flow-driving head between entrance and exit of the strait (black) and offshore of island 
(red) for the free-slip scenario: no power extraction (solid line) and very high extraction level kf  = 
8.95 (dash-dot line) in the strait. 
In order to understand better the effects of power extraction on the head driving the flow in 
the strait and offshore of the island, Figure 5.48 presents a snapshot of the free surface 
contours when there is no extraction and when an extraction level kf = 8.95 is set in the strait.  
When there is no power extracted in the strait, the presence of the island leads to a slight 
change of phase in the free surface contours in the strait and offshore of the island.  When 
there is high power extracted from the strait, there is a substantial change in phase and 
amplitude between free surface contours in the strait and offshore of the island.  As shown in 
Figure 5.48, free surface contours offshore of the island appear not to be highly affected by 
power extraction in the strait.  Free surface contours in the strait are highly influenced by 
power extraction and it can be seen that there is an increase in head driving the flow. 

















Figure 5.48. Sea surface elevation contour plots: (a) for no extraction at the strait; and (b) when 
maximum power is extracted from the flow at the strait for extraction level kf = 8.95. 
Based on the undisturbed flow conditions and head driving the flow between the two ends of 
the strait in the free-slip scenario, the GC2005 channel model predicts a maximum power 
extracted of 411.4 MW using γ = 0.22, which is 8.6 % lower than the numerical results.  If γ 
= 0.2 is used, derived from the phase difference between peak driving head and flow, the 
maximum power extracted predicted by GC2005 is equal to 374.0 MW, which represents a 
16.9 % lower figure than the numerical results.  The no-slip scenario yields percentage 
differences with the GC2005 model similar to those obtained in the free-slip scenario.  From 
these results, it appears that the GC2005 model provides an underestimate of resource in the 
strait.  However, comparison between these estimates and those obtained for the island-
landmass baseline system demonstrates enhanced agreement between the two approaches, 
indicating that the strait starts behaving more like a channel as the island length increases 
along the coastline. 
The increase in the accuracy of the resource estimates provided by GC2005 for elongated 
islands along the coastline agrees with findings by Sutherland et al. [31] in a study of the 




5.3.4 Geometrically wide island 
This section analyses the sensitivity of the resource in the strait to the width of the island.  
The geometry of the domain used in Section 5.3.1 is modified as follows: island width is set 
to Bi = 200h = 0.00904λ; island length and strait width are set to Li = s = 50h = 0.00226λ; 
domain length L is not modified and width B is increased by a factor of 4 in order to retain 
the same domain blockage ratio as used previously.  The model is spatially discretised using 
the criteria for Mesh 4 in Table 5.1.  A regular grid of 80 isosceles triangles defines the tidal 
farm in the narrowest part of the strait, filling the entire strait transect.  The resulting mesh 
contains 10,465 vertices and 20,930 elements (Figure 5.49).  The model is run with a free-
slip condition applied at both island and landmass boundaries.  A solution using a no-slip 
boundary condition was not tested because, due to the island geometry employed, the free-
slip scenario already led to vorticity structures shedding from the island (Figure 5.50). 
 
Figure 5.49. Unstructured spatial discretisation of domain containing an island of high width to length 




Figure 5.50. Contour plots of flow speed (left) and vorticity (right) distribution throughout domain at 
peak flow, with flow travelling from west to east, and free-slip boundary scenario for a geometrically 
wide island. 
Figure 5.51 plots the resulting (three-tide) period-averaged power coefficients, ,  ,  
and , for a range of kf  values between 0 and 4.5.  As in previous cases analysed, neither 
 nor  are good indicators of the maximum power extracted in the strait, with  
providing a better estimate of the maximum power extracted than .  The maximum value 
of  is 256 % higher than the average maximum  obtained for the circular island-landmass 
baseline system (for both the free-slip and no-slip boundary scenarios).  The increase in 
width of the island is translated into an increase in resistance of the bypass path and higher 
power extracted from the strait.  Regarding the effect of extraction on the stream power 
resource in the strait, there is approximately a 38 % decrease in  compared to  when   
is one-third of the maximum value of .  This figure is considerably higher than the rates of 
decrease obtained for the circular island-landmass baseline system, which are 30 % and 20 % 




Figure 5.51. Power profiles as functions of kf for a strait between an island with high width to length 
ratio and landmass. Extracted power for tidal farm located in the strait (solid line); kinetic power for 
the strait with the tidal farm present (dash-dot line); kinetic power for undisturbed conditions in the 
strait (dotted line); and natural power dissipated on the seabed at the strait (dashed line). 
Figure 5.52 plots the ratios of predicted to undisturbed flow for the strait and offshore of the 
island.  As mentioned above, the bypass flow ratios obtained for an island with high width to 
length ratio are relatively lower than those obtained for the circular island-landmass baseline 
system (for both the free-slip and no-slip scenarios).  At the kf level which yields maximum 
 the ratio of bypass to undisturbed volumetric flow rate is equal to 1.08.  This value is 
lower than those values found for the island-landmass system (Figure 5.17) which are 1.21 
and 1.09 for the free-slip and no-slip scenarios respectively.  It appears that the geometry of 
the island diminishes the bypass volumetric flow rates by increasing the effective distance 
between the strait and the alternative flow path.  This reduction in the bypass flow may be 
converted into an increase in extracted power from the strait. 
 

















Figure 5.52. Variation in the ratio of predicted to undisturbed volumetric flow rate with power 
extraction level for the wide island-landmass system.  Volumetric flow rate across the tidal farm (solid 
line) and through a cross-section of identical length at the offshore side of the island (dashed line). 
Figure 5.53 plots the head driving the flow at the strait and at the offshore side of the island 
with no extraction and an extraction level of kf = 2.24.  Eddies shedding from the island 
(Figure 5.50) produce local fluctuations that are superimposed on the sinusoidal signals.  The 
head driving the flow experiences a greater increase in the strait than offshore of the island.  
This is in accordance with the bypass flow rates shown in Figure 5.52, and similar flow 
behaviour was observed in the geometrically long island case.  Based on the undisturbed 
flow conditions at the strait and the head between the two ends of the strait, the GC2005 
channel model predicts maximum power extracted of 169.5 and 161.8 MW for γ = 0.22 and 
0.21 (derived from phase difference between maximum head and flow in the strait) 
respectively.  This value under-predicts the numerically computed results by 72.5 % and 
73.7 % respectively.  Based on results shown in Figure 5.52 and Figure 5.53, the differences 
between the numerical and analytical model results may be primarily due to increasing the 
head driving the flow due to power extraction and partly due to reduced bypass flow caused 
by power extraction. 















Figure 5.53. Flow driving head between the entrance and exit of the strait (black) and offshore of 
island (red) for the free-slip scenario: no power extraction (solid line) and high extraction level kf  = 
2.24 (dashed line) at the strait. 
5.4. Summary 
This chapter has presented a parametric study of resource assessment for an idealised coastal 
site defined by an island in the proximity of a landmass.  Mesh convergence tests indicated 
that the flow velocities converged for a case where a free-slip condition is applied at both the 
island and landmass boundaries.  Corresponding mesh convergence tests for a case where a 
no-slip condition is applied to both the island and landmass boundaries required a finer mesh 
resolution to capture satisfactorily the wake behind the island.  Validation results obtained 
for flow past a surface-piercing circular cylinder in Section 4.8 have provided sufficient 
confidence in the capability of the mesh resolution utilised to reproduce the main flow 
features around the island. 
No clear relationship was found between the power extracted in the strait and the power 
dissipated naturally on the seabed or kinetic power in the absence of the turbines.  The 
analysis of free-slip and no-slip scenarios revealed that these conditions may provide lower 
and upper bounds to the power extracted in the strait.  In keeping with this, the power 
extraction estimates for the non-uniform seabed scenario were between those obtained for 
the free-slip and no-slip scenarios.  Bypass flow ratios when maximum power is extracted 
from the strait are equal to 1.21 and 1.09 for the free-slip and no-slip scenarios respectively.  
Comparison of power extracted in the strait against the GC2005 model with γ = 0.22 















revealed that the GC2005 model predicts values that are 67.7 % and 60.5 % lower than those 
from the present scheme for the free-slip and no-slip scenarios respectively.  The main 
causes for discrepancies between the numerical and analytical results are the non-inclusion 
in the latter of changes to the head driving the flow due to power extraction in the strait and 
the flow diversion on the offshore side of the island. 
The parameter test concerned with the influence of the value of eddy viscosity, used in some 
numerical models as a calibration parameter, on the power extracted in the strait, revealed 
that results only start to differ for high values of eddy viscosity (e.g. 100 m2 s-1).  Changes in 
the estimates of power extracted with choice of eddy viscosity are seen in both the free-slip 
and no-slip scenarios. 
Power extracted in the strait depended on the seabed frictional environment, highlighting the 
importance of the choice of bottom friction coefficient, which is commonly used in 
numerical models as a calibration parameter.  There is an inverse relationship between 
bottom friction and power extracted in the strait.  This occurs because as a lower bottom 
friction leads to less power naturally dissipated by the seabed, and with unchanged boundary 
conditions, more power is available in the strait to be extracted by the tidal array.  
Furthermore, the results showed that a reduction in bottom friction yields an increase in 
bypass flow rates. 
The increase in water depth in the continental shelf of the domain yields higher values of 
extracted power from the strait, which are primarily induced by reduction in equivalent 
frictional forces per unit water depth.  Bypass flow rates were found to be independent of 
changes to the domain water depth. Increasing the water depth offshore of the island leads to 
lower power extracted in the strait due to the reduction in the flow resistance on the path 
offshore of the island, which lead to a higher bypass flow rates.  There is a direct implication 
for tidal resource assessment in that developers need to be aware of the effect of far field 
bathymetry. 
Sensitivity of the resource estimate was also assessed against the choice of layout and area of 
the tidal array.  It was found that the farm layout that created a low resistance flow path in 
the vicinities of the island led to higher rates of power extraction.  However, when forces 
from the farm acting on the flow were uniformly distributed across the entire cross-sectional 
transect of the strait, the power extracted showed no dependence on the area of the tidal 
array, in agreement with the previous findings discussed in Section 4.9. 
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Analysis of the strait blockage by the array showed that reduction in strait blockage leads to 
a decrease in the maximum power extracted, mainly due to the availability of two additional 
bypass flow routes in the straits between the array and island, and array and landmass.  
When strait blockage is reduced to 80 % and power extraction is restricted to water depths 
suitable for turbine installation, maximum power extracted is similar to the case with 100 % 
strait blockage.  Reduction of water depth in the strait bypass routes increases the resistance 
to the flow and appears to counteract the absence of power extraction.  Reduction of strait 
blockage to 60 %, which includes areas with water depths suitable for tidal turbine 
deployment, leads to lower maximum power extracted in the strait by the array than in the 
100 % and 80 % strait blockage cases. 
Inclusion of turbine power capping in the extraction methodology increased the estimated 
power generated by the array and yielded lower cross-section velocity and kinetic power 
deficits compared to the results obtained with constant drag and thrust to characterise the 
tidal turbines.  Variation of rotor thrust based on incoming flow velocity should enable 
turbines to increase their hydrodynamic efficiency, leading to higher rates of power 
generated to power extracted from the flow. 
The inclusion of power extraction on the offshore of the island revealed that, for identical 
extraction levels, similar power is generated regardless whether extraction is implemented 
only in the strait or offshore of the island.  However, when identical extraction levels are 
applied both in the strait and in the offshore side of the island, the total power generated in 
the strait and offshore of the island is higher than for an equivalent extraction level only 
applied one side of the island.  Implementation of power extraction offshore of the island 
increases the resistance of the bypass route, leading to lower bypass flow rates and velocity 
deficits, which then translate into higher power outputs generated by the island-landmass 
system.  It appears that power generation can be optimised if the system island-landmass 
system is considered as a two-flow path problem. 
The sensitivity of the power extracted in the vicinity of the island was assessed against the 
relative distance of the island from the landmass.  For an isolated island far from the coast, 
the assessment showed that neither the power dissipated by the seabed or the kinetic power 
in natural conditions properly approximated the maximum power extracted.  The comparison 
against the case where the island is near the landmass shows a similar ratio of power 
extracted to undisturbed kinetic power for the free-slip scenario and 18 % lower for the no-
slip scenario.  Comparison of volumetric flow rates near the island and near the landmass 
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show similar rates of decay and increase of volumetric flow rate through the tidal array area 
and through the opposite side of the island. 
The sensitivity of the power extracted in the strait was assessed against the length of the 
island.  Free-slip and no-slip scenarios yielded different maximum powers extracted in the 
strait, which may indicate upper and lower limits respectively.  The maximum power 
extracted was found to be 9.6 % and 17.5 % lower than the power naturally dissipated by the 
seabed for the free-slip and no-slip scenarios respectively.  This indicates that for 
geometrically long islands, the power naturally dissipated by the seabed may be a good 
indicator of the maximum power extracted in the strait.  When maximum power is extracted 
in the strait, bypass flow ratios for the free-slip and no-slip scenarios were 1.03 and 1.02 
respectively, considerably lower than those obtained in the island-landmass baseline system.  
In addition, the ratios of increase in head driving the flow due to power extraction in the 
strait were found to be lower than in the island-landmass baseline system.  These two factors 
explain why the predicted maximum power extracted by GC2005 for γ = 0.22 is only 16.9 % 
lower than the numerical results for a geometrically long island. 
Finally, the sensitivity of the power extracted in the strait is assessed against the width of the 
island for the free-slip scenario.  No clear relationship was found between the maximum 
power extracted in the strait and the undisturbed kinetic power or power naturally dissipated 
in the strait.  The bypass flow ratio was 1.08 when the maximum power is extracted from the 
strait; this is lower than the values obtained for the island-landmass baseline system.  The 
head driving the flow in the strait is significantly affected by extraction levels in the strait.  
The change in the head driving the flow is likely to be the main cause why the GC2005 





6. Tidal resource of the Rathlin Sound 
6.1. Introduction 
The previous chapter investigated the limits to power extraction for an idealised strait 
between an island and a landmass.  It is important for site developers to understand the 
applicability of such idealised cases to real-world scenarios.  This chapter investigates the 
limits to power extraction in Rathlin Sound, a strait located between Rathlin Island and the 
north-east coast of Northern Ireland.  This analysis assesses the validity of outcomes derived 
from the idealised island-landmass study when applied to an actual site.  The aim is to 
provide useful generic information on this type of coastal site to developers during the pre-
feasibility stage of a tidal project, before a detailed numerical model of the site is 
constructed. 
There have been several studies of actual sites that involve one or more strait(s) between an 
island and landmass.  Adcock et al. [51] and Draper et al. [12] analysed the extractable tidal 
power from the Pentland Firth, located between the north coast of Scotland and the Orkney 
Islands, which could be approximated as a channel between a landmass and a geometrically 
long and wide island.  Draper et al. found that their power extracted estimates agreed 
reasonably well with predictions using the analytical channel model derived by Garrett and 
Cummins [11] (GC2005).  Sutherland et al. [31] assessed limits to power extraction in the 
Johnstone Strait, located between the geometrically long Vancouver Island and west coast of 
Canada, and found that their results also agreed well with the GC2005 analytical channel 
model.  The conclusions from Draper et al. and Sutherland et al. are in keeping with the 
analysis of a geometrically long island in Chapter 5.  However, studies looking at the limits 
to power extraction for the other categories of island and landmass analysed in Chapter 5 are 
not available in the literature.  Turning to Rathlin Sound, the width of the strait is of the same 
order as the length and width of Rathlin Island, and so this site allows investigation of the 
validity of the outcomes of the analysis of an island in the vicinity of a landmass presented in 
Chapter 5. 
This chapter is divided in three sections.  Section 6.2 details the set-up of the numerical 
model of Rathlin Sound.  Section 6.3 presents the results of the resource assessment of 
Rathlin Sound and compares them to those obtained in the island-landmass study in Chapter 
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5.  Section 6.4 summarises the conclusions derived from the analysis of the results obtained 
for Rathlin Sound. 
6.2. Set-up of Rathlin Sound numerical model 
6.2.1 Rathlin Sound  
Rathlin Sound is defined by Rathlin Island and the north-east coast of Northern Ireland 
(Figure 6.1).  The length of the strait is defined by the geometry of Rathlin Island which is 
approximately 7.5 km long.  The width of the strait is defined by the distance between 
Rathlin Island and the north-east coast of Northern Ireland, which ranges from 4 km to 10 
km. The width of the Rathlin Island is approximately 2 km at its centre and west side and 
expands 6 km south at the east side, forming a tip called Rue Point.  Mean water depths in 
the strait and offshore of the Rathlin Island are 60 m and 180 m respectively.  There are three 
headlands along the Northern Ireland coast that influence the flow dynamics in Rathlin 
Sound: Fair Head, located east of the Rathlin Sound, which together with Rue Point defines 
the narrowest section of the strait; Torr Head, located approximately 8 km south-east of the 
east end of Rathlin Sound; and Kimbane Head, located west of Rathlin Sound. 
The primary flow dynamics within the Rathlin Sound are generated by the interaction 
between two tides, one progressing north from the Irish Sea through the North Channel east 
of Rathlin Sound and a second tide progressing east from the Atlantic.  As a result, during 
flood tide the currents flow from west to east and from east to west during ebb tide. 
Rathlin Sound has been chosen for this study for two reasons: the first relates to the domain 
geometry, Rathlin Island has similar width to length dimensions and its strait is also of 
similar breadth, meaning that the overall configuration can be simplified as an island in the 
proximity of a semi-infinite landmass (Section 5.3.1); the second relates to the tidal resource 
which is potentially one of the largest of Ireland, when taken together with the coastal sites 




Figure 6.1. (a) Overview of Rathlin domain with respect to the British Isles; (b) bathymetry expressed 
with respect to mean sea level vertical reference for the Rathlin domain and its surroundings; and 
bathymetry and coastal features at the Rathlin Sound and surrounding areas (c) (d) [159].  Red squares 
indicate the domain area zoomed in.  Tidal gauge location (square): I) Portrush; II) Bangor; and III) 
Portpatrick. ADCP location (circle): I) ADCP 1; II) ADCP 2; and III) ADCP 3. 
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6.2.2 Bathymetry and domain 
Bathymetry data were obtained from the HydroSpatial One Gridded Bathymetry dataset via 
the Digimap online database [159].  After referencing to the Lowest Astronomical Tide 
(LAT) vertical datum, the data were presented at two resolutions of 1 and 6 arcsec for British 
territorial waters.  The bathymetry data were then converted from LAT to Mean Sea Level 
(MSL) vertical datum using the local solution provided by the Vertical Offshore Reference 
Frame (VORF) model available for British and Irish waters [160].  As the resolution 
provided by VORF is of 28.8 arcsec, a nearest point interpolation was used to alter the 
vertical reference of the bathymetry data.  All datasets were in WGS84 geographic 
horizontal datum. 
Figure 6.1 shows the bathymetry in MSL vertical datum used in the numerical model.  The 
bathymetry presents two regions, linked to the mesh resolution requirements of Section 
6.2.4: 
 Near-field region.  A 1 arcsec resolution bathymetry is used in the region containing the 
Rathlin Sound and surrounding areas contained within longitude and latitude coordinates 
4-8W and 54-56N respectively. 
 Far-field region.  A 6 arcsec resolution bathymetry is employed throughout the rest of 
the domain. 
Figure 6.2 depicts the limits and coastline of the domain, which extends over longitudes 
3.5W to 11W and latitudes 54.2N to 60N.  The size of the domain was chosen so that it 
extended to the edge of the continental shelf [135], for the reasons detailed in Section 3.3.5.  
In the near-field region the coastlines were derived from the zero-depth contour of the 
bathymetry.  In the far-field region, precision of coastline was not likely to affect the 
hydrodynamics of the site and consequently, the coastline was obtained from the GSSHG 
NOAA database [159], which provided approximately a 100 m spatial resolution in MSL 
vertical datum.  The use of low-resolution coastline in the far-field limited the coastal 
features represented (e.g. islands of small size) which simplified the pre-processing of the 
coastal domain. 
The coastline from GSSHG NOAA and derived from the bathymetry was merged and pre-
processed to obtain the coastline shown in Figure 6.2.  Pre-processing of the far-field region 
coastlines comprised two parts: closure of certain small shallow bays, due to Fluidity not 
accounting for wetting and drying (Section 3.3.5); and the deletion of islands, which, due to 
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their size and location, are not expected to influence the hydrodynamics of the Rathlin 
Sound.  Figure 6.3 shows the pre-processed results obtained for the coastline north of the 
Republic of Ireland.  It should be noted that the coastline pre-processing and mesh 
generation was undertaken iteratively because the mesh edge length defined during the mesh 
generation process (Section 6.2.4) determined the minimum size of the islands that could be 
spatially represented by the grid. 
 
Figure 6.2. Domain boundaries, coastlines and mesh regions: open boundaries (blue); mesh regions 1 
(red); 2 (green); and 3 (black). 
 
Figure 6.3. Original GSHHG NOAA coastline (orange) and coastline after pre-processing (black). 
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6.2.3 Model parameterisation 
The domain presented in Figure 6.2 essentially has four boundaries: two solid boundaries 
defined respectively by the coastlines of the Republic of Ireland and the United Kingdom; an 
open boundary extending from the north of Scotland to the north-west coast of Ireland; and 
an open boundary across the Irish Sea split into two sections by the Isle of Man (minimising 
numerical distortions at the boundary induced by generated wake or reflections from the Isle 
of Man if boundary were located north or south of it).  At all solid boundaries, the normal 
flow is set to zero and a wall friction condition applied.  Open boundary conditions are 
derived from the Oregon State University European shelf (ES) solution [132].  This tidal 
harmonic database covers the north-east of the Atlantic Ocean and contains 11 harmonic 
components with a spatial resolution of 1/30 degree. 
As in Section 5.2.1, the tidal signal at open boundaries is ramped up during the first 24 hours 
of each simulation using the parameter ao: 
= 0.5 1 − cos
4
 (6.1) 
where ωt is equal to 7.27 x 10-5 rad/s. 
A spin-up time period of 48 hours after ramp-up is utilised to allow the flow dynamics of the 
system to stabilise.  The frictional environment in the domain is first parameterised by means 
of a non-dimensional seabed friction coefficient Cd = 0.0025.  Viscosity is implemented with 
a depth averaged parabolic eddy viscosity empirical model [92] (Section 3.2).  Due to the 
unavailability of wetting and drying in the SWE version of Fluidity (Section 3.3.5), a 
minimum depth of 5 m is set in the domain.  This minimum depth prevents numerical 
instabilities developing in regions where the tidal range is large, such as the Solway Firth, a 
bay located off the Irish Sea at the western boundary between England and Scotland.  
Coriolis effects are computed from: 
= 2Ω sin  (6.2) 
where Ω is the frequency of the earth’s rotation, and λ is the latitude of the Rathlin Sound, 
taken as 55.25N. 
Other parameters such as wind, wave or atmospheric conditions are not included in the 
numerical model.  A time step of 60 s is chosen to limit the CFL number to within O(1). 
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6.2.4 Spatial discretisation of the numerical model 
Figure 6.2 depicted three regions used to discretise the domain in space.  Coastlines are 
defined by means of the open-source Geographic Information System QGIS [161] and 
imported into Gmsh using the Qmesh tool developed at Imperial College London [162].  
Qmesh enables the user to define mesh regions with coastlines, define mesh element edge 
lengths at coast and offshore boundaries, and set the gradation between the coast and 
offshore mesh edge lengths. 
Four mesh resolutions are considered in the mesh convergence analysis (Table 6.1).  Each 
mesh is defined by the element edge length at the coastline and offshore of each region.  The 
element edge length defined at the coast is kept constant for a distance of 0.15 degrees off 
the coast.  After this the element-edge length increases to the offshore value over a distance 
of 1 degree.  In all mesh cases, the same offshore mesh edge length is set to all the mesh 
regions. 
 Mesh element edge length (m)  
Mesh Coast 1 Coast 2 Coast 3 Offshore Mesh elements 
1 1000 2000 10000 100000 11,708 
2 500 1000 5000 50000 40,152 
3 250 500 2500 25000 147,750 
4 125 250 1250 12500 569,906 
Table 6.1. Four spatial discretisation cases considered in the mesh convergence analysis.  Element 
edge length used at the coastline and offshore in the three mesh regions of the model, and total 
number of mesh elements. 
To facilitate comparison with the results of the idealised coastal site presented in Chapter 5, 
an M2 tide obtained from the ES harmonic database is forced at the open boundaries of the 
domain.  The model is run for 120 hours: the first 24 hours to ramp-up the boundary 
conditions as described by Eq. (6.1); then 48 hours to spin-up the system; and the final 48 
hours to provide numerical data for analysis. 
Mesh convergence assessment is undertaken by analysis of results at four transects, shown as 
dashed lines in Figure 6.4. Transect 2 and Transect 3 are located at the west and east limits 
of the island. Transect 1 and Transect 4 are located 10 km upstream and downstream 
respectively of Transects 2 and 3.  The four transects extent north off the coast of Northern 
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Ireland until latitude coordinate 55.375 N is reached and so each is of different length. For 
example, Transect 3 is 17 km long, of which approximately one half lies between Rathlin 
Island and the coast of Northern Ireland and the other half extends offshore of the island. 
 
Figure 6.4. Location of simulated Transects 1-4 used in the mesh convergence analysis undertaken for 
the Rathlin Sound numerical model. 
The norm of the depth-averaged velocity vector, referred to commonly as the flow speed, 
used in the mesh convergence analysis is defined as: 
| ⃗| = ( + )  (6.3) 
The flow speed profile along each transect is considered at the peak flow instants during 
flood and ebb tides that occur on the second M2 cycle of day 4 of the simulation (Figure 6.5 
to Figure 6.12).  Mesh convergence appears to have been almost achieved for Mesh 3.  
However, Figure 6.6 and Figure 6.11 corresponding to Transect 1 at ebb tide and Transect 4 
at flood tide respectively, show that the solution has not fully converged, and that further 
refinement may be necessary to capture properly flow features advecting past the island and 




Figure 6.5. Depth-averaged flow speed at Transect 1 at peak flow during flood tide: Mesh 1 (solid 
line); Mesh 2 (dashed line); Mesh 3 (dotted line); and Mesh 4 (dash-dot line). 
   
 
Figure 6.6. Depth-averaged flow speed at Transect 1 at peak flow during ebb tide: Mesh 1 (solid line); 
Mesh 2 (dashed line); Mesh 3 (dotted line); and Mesh 4 (dash-dot line). 































Figure 6.7. Depth-averaged flow speed at Transect 2 at peak flow during flood tide: Mesh 1 (solid 
line); Mesh 2 (dashed line); Mesh 3 (dotted line); and Mesh 4 (dash-dot line). 
 
Figure 6.8. Depth-averaged flow speed at Transect 2 at peak flow during ebb tide: Mesh 1 (solid line); 
Mesh 2 (dashed line); Mesh 3 (dotted line); and Mesh 4 (dash-dot line). 
 
































Figure 6.9. Depth-averaged flow speed at Transect 3 at peak flow during flood tide: Mesh 1 (solid 
line); Mesh 2 (dashed line); Mesh 3 (dotted line); and Mesh 4 (dash-dot line). 
 
Figure 6.10. Depth-averaged flow speed at Transect 3 at peak flow during ebb tide: Mesh 1 (solid 
line); Mesh 2 (dashed line); Mesh 3 (dotted line); and Mesh 4 (dash-dot line).   



































Figure 6.11. Depth-averaged flow speed at Transect 4 at peak flow during flood tide: Mesh 1 (solid 
line); Mesh 2 (dashed line); Mesh 3 (dotted line); and Mesh 4 (dash-dot line). 
 
Figure 6.12. Depth-averaged flow speed at Transect 4 at peak flow during ebb tide: Mesh 1 (solid 
line); Mesh 2 (dashed line); Mesh 3 (dotted line); and Mesh 4 (dash-dot line). 
Furthermore, the convergence in time is checked at ADCP 1 (Figure 6.1). Figure 6.13 and 
Figure 6.14 plot the stream-wise and transverse velocity components respectively during the 
first and second M2 tidal cycles during the fourth day of simulation.  Here, solution 
convergence is achieved for Mesh 3. 



































Figure 6.13. Time series of stream-wise velocity component south-east of Rathlin Island during two 
M2 tidal cycles: Mesh 1 (solid line); Mesh 2 (dashed line); Mesh 3 (dotted line); and Mesh 4 (dash-dot 
line). 
 
Figure 6.14. Time series of transverse velocity component south-east of Rathlin Island during two M2 
tidal cycles: Mesh 1 (solid line); Mesh 2 (dashed line); Mesh 3 (dotted line); and Mesh 4 (dash-dot 
line). 
From the above analysis it can be concluded that Mesh 3 is capable of resolving the main 
flow features generated at the island and in the strait, thus providing sufficient accuracy for 
































the purposes of resource assessment in the strait.  An overview of the mesh is shown in 
Figure 6.15 which shows the local refinement near the area of interest. 
 
Figure 6.15. Spatial discretisation Mesh 3 of the domain, with different local mesh resolutions 
indicated.  Red squares indicate the domain area zoomed in. 
6.2.5 Calibration of the numerical model 
This section describes calibration of the numerical model, whereby certain parameters of the 
model are modified to tune the model predictions so that they agree satisfactorily with 
observed data.  As highlighted in Sections 5.3.1.1 and 5.3.1.2, the eddy viscosity and seabed 
friction are parameters commonly used in the calibration of SWE numerical models.  The 
field observations used in the model calibration include measurements of free surface 
elevation and flow velocity components averaged over 10-minute intervals from three 
ADCPs deployed by Dp Marine Energy Ltd [163] south east of Rathlin Island (Figure 6.1).  





ADCP  Latitude (deg) Longitude (deg) Sampling time period (Start – End) 
1 55.230N 6.114W 24/04/2014 – 27/05/2014 
2 55.228N 6.113W 24/04/2014 – 04/06/2014 
3 55.222N 6.090W 24/04/2014 – 04/06/2014 
Table 6.2. Latitude and longitude coordinates of deployed ADCPs, and sampling time periods [163]. 
The ADCP data were supplied after pre-processing, with bin values near the sea surface and 
sea bottom removed from the dataset.  The remaining binned velocity components were 
depth-averaged. 
Free surface elevation data according to chart datum (CD) vertical reference were also used, 
acquired from the UK tidal gauge network at the British Oceanographic Data Centre [164].  
Table 6.3 lists the locations of three tidal gauges in the proximity of the Rathlin Sound which 
recorded data over the same time period as the ADCP dataset (Figure 6.1): Portrush, off the 
north coast of Northern Ireland, west of Rathlin Sound; Bangor, in Belfast Lough north-east 
of Belfast, south-east of Rathlin Sound; and Portpatrick, on the east side of the North 
Channel, south-west Scotland, south-east of Rathlin Sound. 
Station Latitude (deg) Longitude (deg) Time period data (Start – End) 
Portrush 55.207N 6.657N 27/04/2014 – 28/05/2014 
Bangor 54.665N 5.669N 27/04/2014 – 28/05/2014 
Portpatrick 54.843N 5.120N 27/04/2014 – 28/05/2014 
Table 6.3. Latitude and longitude coordinates and time period of data obtained from three UK tidal 
gauge stations in the proximity of Rathlin Sound [164]. 
Calibration of the numerical model is performed by modifying the value of the seabed 
friction coefficient Cd, a constant over the domain, between 0.001 and 0.005, in accordance 
with Section 5.3.1.2.  To ensure the main flow dynamics are captured, the model is run with 
8 primary harmonic constituents: M2, S2, N2, K2, K1, O1, P1 and Q1.  The model is run for 18 
days starting on the 24th of April 2014.  The first three days correspond to the ramp-up and 
spin-up of the system, and the following 15 days are used in the calibration process covering 
a spring and neap tidal cycle.  Iyer [22] highlighted that a minimum of 14.77 days of data are 
required to separate the M2 and S2 harmonics.  The normalised amplitudes A and phases ϕ of 
the M2 (Table 6.4) and S2 (Table 6.5) harmonic constituents are obtained with the Matlab 
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based tool T_Tide [24] for the measured data and Fluidity predictions at ADCP and tidal 
gauge locations. 
The results listed in Table 6.4 show that the predicted amplitudes and phases of the M2 free 
surface elevation obtained with Cd = 0.0025 and 0.003 are in very good agreement with the 
measured values at the three ADCP locations.  These seabed friction values yield a close 
approximation to the phase of the M2 free surface elevation measured at Portrush, although 
the amplitude is better approximated for lower seabed friction coefficients.  The computed 
M2 free surface amplitude at Bangor appears to be independent of the seabed friction 
coefficient and the agreement in phase decreases with seabed friction coefficient.  At 
Portpatrick, better agreement is reached in terms of amplitude when the seabed friction 
coefficient is increased. 
The predicted S2 free surface amplitude at the ADCP locations agree closely with the 
measured values for Cd = 0.0025 and 0.003.  The S2 free surface phase at the ADCP locations 
are not so well reproduced by the numerical model.  Tidal amplitude and phases at Portrush, 
Bangor and Portpatrick are relatively well reproduced by the numerical model but there is no 
clear trend between the results and the seabed friction coefficient employed. 
Location 
Model Magnitude 
Cd = 0.001 Cd = 0.002 Cd = 0.0025 Cd = 0.003 Cd = 0.004 Cd = 0.005 
A*  ϕ*  A* ϕ* A* ϕ* A* ϕ* A* ϕ* A* ϕ* 
ADCP 1 1.10 -10.40 1.03 -3.80 1.03 -0.80 1.00 2.30 0.97 8.50 0.97 14.30 
ADCP 2 1.07 -9.40 1.03 -3.00 1.00 0.00 0.97 3.10 0.93 9.10 0.93 14.90 
ADCP 3 1.15 -3.60 1.09 2.20 1.06 5.00 1.03 8.00 0.97 14.00 0.94 19.90 
Portrush 1.04 3.60 0.96 1.60 0.94 0.20 0.90 -1.20 0.84 -3.90 0.80 -6.50 
Bangor 0.96 -1.10 0.96 0.50 0.96 1.20 0.96 2.00 0.95 3.60 0.95 5.10 
Portpatrick 0.92 1.00 0.95 1.20 0.96 1.30 0.97 1.50 0.98 1.80 0.99 2.10 
Table 6.4. Comparison of normalised measured and Fluidity predicted M2 free surface amplitudes A* 
= Acomputed / Ameasured and phases ϕ* = ϕcomputed - ϕmeasured (deg) for the ADCP and tidal gauge stations for 







Cd = 0.001 Cd = 0.002 Cd = 0.0025 Cd = 0.003 Cd = 0.004 Cd = 0.005 
A*  ϕ*  A* ϕ* A* ϕ* A* ϕ* A* ϕ* A* ϕ* 
ADCP 1 4.00 64.90 3.00 58.40 2.00 50.70 1.00 31.70 1.00 -32.50 1.00 -75.50 
ADCP 2 4.00 68.40 2.00 62.70 2.00 55.20 1.00 30.60 1.00 -60.10 2.00 -89.70 
ADCP 3 2.33 9.20 1.67 14.00 1.33 18.40 1.00 26.80 0.33 65.80 0.67 116.70 
Portrush 1.09 0.60 1.04 -2.80 1.04 -4.50 1.04 -6.30 1.00 -9.40 0.96 -12.10 
Bangor 1.07 -10.00 1.07 -7.50 1.07 -6.30 1.07 -5.10 1.07 -2.70 1.07 -0.40 
Portpatrick 1.03 -5.60 1.05 -5.90 1.08 -5.90 1.08 -5.80 1.11 -5.70 1.11 -5.50 
Table 6.5. Comparison of measured and Fluidity predicted S2 free surface amplitudes A* = Acomputed / 
Ameasured and phases ϕ* = ϕcomputed - ϕmeasured (deg) for the ADCP and tidal gauge stations for a range of 
seabed friction coefficients Cd 0.001-0.005. 
Figure 6.16 illustrates the major Cmax and minor Cmin ellipse parameters, phase and 
inclination θ used to characterise the flow velocity ellipses. 
 
Figure 6.16. Parameterisation of flow velocities: major Cmax and minor Cmin ellipse parameters and 
inclination θ. 
Table 6.6 and Table 6.7 list the normalised characteristic parameters of the measured and 
predicted flow velocities obtained for the M2 and S2 harmonic constituents.  The results show 
that the M2 major ellipses at the three ADCP locations are best approximated by Cd = 0.002.  
Low seabed friction coefficients yield a better M2 minor ellipse.  It is not possible for all the 
predicted values to match exactly the measured values for any single bed friction coefficient.  
Reasonable agreement in the M2 phase is achieved for ADCP 1 and 2 using Cd = 0.0025.  For 
ADCP 3, an increased value of seabed friction coefficient leads to improved agreement with 
170 
 
the measured data.  The M2 inclination appears relatively insensitive to Cd over the range 
considered.  Although discrepancies occur between the predicted and measured results for 
ADCP 1 and 2, good agreement is obtained for ADCP 3.  These trends observed in the M2 
major and minor ellipses, phase and inclination are also seen in the S2 flow magnitudes. 
Location Model magnitude 
Cd = 0.001 Cd = 0.002 Cd = 0.0025 Cd = 0.003 Cd = 0.004 Cd = 0.005 
Major ellipse parameter:  Cmax_computed / Cmax_measured     
ADCP 1 1.11 0.99 0.95 0.91 0.84 0.78 
ADCP 2 1.06 0.95 0.91 0.86 0.80 0.75 
ADCP 3 1.09 0.98 0.93 0.89 0.81 0.76 
Minor ellipse parameter:  Cmin_computed / Cmin_measured     
ADCP 1 0.13 0.20 0.20 0.20 0.07 -0.07 
ADCP 2 0.22 0.28 0.22 0.22 0.11 0.06 
ADCP3 2.00 1.25 1.25 1.00 1.00 0.75 
Phase:  ϕcomputed - ϕmeasured (deg)      
ADCP 1 -19.1 -6.4 -1.4 1.4 2.3 1.2 
ADCP 2 -15.9 -4.9 0.2 3.6 6.2 5.7 
ADCP3 -45.8 -38.2 -31.5 -32.1 -33.6 -27.7 
Inclination:  θcomputed – θmeasured (deg)     
ADCP 1 -9.9 -10 -10.1 -10.4 -11 -11.5 
ADCP 2 -8.1 -8.3 -8.5 -8.9 -9.6 -10.2 
ADCP3 2.1 1.3 1.4 1.1 0.9 0.6 
Table 6.6. Comparison of normalised measured and computed M2 currents at the ADCP locations for 








Location Model magnitude 
Cd = 0.001 Cd = 0.002 Cd = 0.0025 Cd = 0.003 Cd = 0.004 Cd = 0.005 
Major ellipse parameter:  Cmax_computed / Cmax_measured    
ADCP 1 1.21 1.08 1.00 0.97 0.86 0.78 
ADCP 2 1.12 1.01 0.94 0.91 0.81 0.73 
ADCP 3 1.21 1.10 1.01 0.96 0.85 0.78 
Minor ellipse parameter:  Cmin_computed / Cmin_measured    
ADCP 1 0.50 0.42 0.33 0.25 0.08 0.08 
ADCP 2 0.54 0.46 0.38 0.31 0.15 0.08 
ADCP3 0.57 0.29 0.14 0.14 0.14 0.14 
Phase:  ϕcomputed - ϕmeasured (deg)     
ADCP 1 -46 -23.4 -17.9 -9 -3.8 -4.7 
ADCP 2 -40.3 -19.7 -13.4 -4.6 3.3 4 
ADCP3 -97.9 -91.8 -98.7 -98.9 -106.1 -100.7 
Inclination:  θcomputed – θmeasured (deg)     
ADCP 1 -8.1 -8.3 -8.9 -9.1 -10.2 -11.2 
ADCP 2 -7.2 -7.3 -8.1 -8.4 -9.8 -10.7 
ADCP3 1.1 0.7 0.2 0.7 0.3 0.5 
Table 6.7. Comparison of normalised measured and computed S2 currents at the ADCP locations for a 
range of seabed friction coefficients 0.001-0.005. 
The results show that, after calibration, the numerical model satisfactorily captures the 
magnitude of the stream-wise velocity component at all ADCP locations.  Transverse 
velocity component predictions are not as accurate as those obtained for the stream-wise 
component; however these are of one order of magnitude lower than the stream-wise 
component.  Phase is reasonably well captured at ADCP 1 and 2 locations and worse 
agreement is achieved at ADCP 3.  The independence of the inclination to the choice of 
seabed friction coefficient reveals that this is a bathymetry dependent parameter, and as such, 
an increase in accuracy may only be reached by increasing the mesh refinement in the area. 
Table 6.8 and Table 6.9 present the coefficient of determination R2 computed at the three 
ADCP locations for the stream-wise and transverse velocity components respectively.  For 
both velocity components, the increase in value of bottom friction coefficient improves the 
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value of R2 at the three ADCP locations.  The relatively low R2 values obtained for the 
transverse velocity component at ADCP 1 and 2 are in accordance with the disagreement 
observed in the minor ellipse and inclination values shown in Table 6.6.  Overall, the use of 
Cd = 0.0025 appears to provide a good approximation to the flow characteristics at the three 
ADCP locations. 
 Non-dimensional seabed friction coefficient (Cd) 
Location 0.001 0.002 0.0025 0.003 0.004 0.005 
ADCP 1 0.90 0.92 0.94 0.94 0.96 0.97 
ADCP 2 0.91 0.93 0.94 0.95 0.96 0.97 
ADCP 3 0.90 0.93 0.93 0.94 0.94 0.95 
Table 6.8. Coefficient of determination R2 for the stream-wise velocity component u at ADCP 1, 2 
and 3 locations, for seabed friction coefficients between Cd = 0.001 and 0.005. 
 Non-dimensional seabed friction coefficient (Cd) 
Location Cd = 0.001 Cd = 0.002 Cd = 0.0025 Cd = 0.003 Cd = 0.004 Cd = 0.005 
ADCP 1 0.69 0.73 0.73 0.74 0.74 0.75 
ADCP 2 0.76 0.80 0.79 0.81 0.81 0.82 
ADCP 3 0.89 0.93 0.94 0.95 0.95 0.96 
Table 6.9. Coefficient of determination R2 for the transverse velocity component v at ADCP 1, 2 and 3 
locations, for seabed friction coefficients between Cd = 0.001 and 0.005. 
From the above results it may be concluded that the numerical predictions using a seabed 
friction coefficient Cd = 0.0025 are in good agreement with the measured free surface and 
velocity data in the vicinity and far-field of the site.  Figure 6.17 shows a contour plot of the 
M2 tidal amplitudes predicted by Fluidity with a bottom friction Cd = 0.0025.  An 
amphidromic point, where tidal amplitudes are equal to zero, can be seen to the north of the 
Rathlin Island.  The location of the amphidromic point and spatial variation of M2 
amplitudes are in agreement with the three-dimensional numerical predictions by Davies and 




Figure 6.17. M2 tidal amplitudes predicted by Fluidity with seabed friction coefficient Cd = 0.0025. 
The results from the harmonic analysis of the free surface and velocities and the coefficient 
of determination of the velocities have determined that the numerical predictions are best 
calibrated using a seabed friction coefficient Cd = 0.0025.  Unless otherwise stated, the 
results from the analysis presented in the following sections are simulated using a seabed 
friction coefficient Cd = 0.0025. 
6.3. Analysis of the Rathlin Sound 
The previous section has detailed the set-up of the Fluidity numerical model of Rathlin 
Sound and showed that the model satisfactorily replicates the main flow dynamics in the 
vicinity and in the far field of Rathlin Sound.  This section presents a resource assessment for 
Rathlin Sound and compares the predictions to results obtained in the idealised island-
landmass study in Chapter 5.  In all cases, the numerical model is run for nine M2 tidal 
cycles starting on the 24th of April 2014: here, two M2 tidal periods correspond to the ramp-
174 
 
up of the system; the following four M2 tidal periods correspond to system spin-up; the final 
three tidal cycles are used for data analysis.  In order to help the comparison process with 
results from Chapter 5, the boundary conditions are forced solely with an M2 tide. 
6.3.1 The natural state 
It is important to understand the natural flow dynamics at the site in order to evaluate 
changes to the hydrodynamic environment caused by tidal power extraction.  Figure 6.18 
presents contour plots of the depth-averaged flow speed and vorticity during flood, ebb and 
slack water.  During flood tide, Rue Point and Fair Head appear to constrain the flow east of 
the strait leading to a jet advecting south-east from Rathlin Sound.  During ebb tide, the flow 
travels west in Rathlin Sound and is constrained by a large eddy shedding from Rue Point.  
This large, westward-advecting eddy increases the complexity of the flow dynamics west of 
the strait, and the resulting high flow rotationality will make tidal energy exploitation west of 
the island a challenging prospect.  At slack water from ebb to flood tide, large residual 
eddies are released in both the strait and the near field offshore of the island.  The residual 
eddies are smaller during slack water between flood and ebb tides.  These residual eddies are 
responsible for the flow velocity not completely disappearing during the slack period.  The 
location and duration of these residual eddies must be taken into account during site 
selection and farm design. 
Figure 6.19 depicts contour plots of mean flow speeds (during three M2 tidal cycles) and 
maximum flow speed in the natural state.  High velocities are predicted at the east side of the 
strait and offshore east of the island, and along the coast south-east of Rathlin Sound.  
Averaged and maximum speeds in the order of 2 and 3 m/s are achieved respectively in the 
vicinity of the site, solely due to the M2 tide.  Based on the local flow speeds, Figure 6.20 
presents the three-cycle averaged kinetic power density contour plots, which are slightly 





Figure 6.18. Predicted flow speed (left) and vorticity (right) contour plots for undisturbed conditions 




Figure 6.19. Contour plots of the three-tidal-cycle (a) mean and (b) maximum flow speeds in 
undisturbed conditions. 
 




Both Figure 6.19 and Figure 6.20 indicate that the area east of Rathlin Sound, between Rue 
Point and Fair Head, is likely to be the most energetic part of Rathlin Sound.  The flow 
dynamics at the east of the strait are now explored further through analysis of the flow speed 
time series at the shortest transect of length Ls = 4,020 m connecting Rue Point (55.23N / 
6.15W) to Fair head (55.26N / 6.19W) (Figure 6.21). 
 
Figure 6.21. Location of the east transect at Rathlin Sound (dashed line) connecting Rue Point with 
Fair Head, with the diamond symbols indicating the locations used to estimate the head driving the 
flow in the strait. 
Figure 6.22 plots time series of the flow speeds across the transect east of the Rathlin Sound.  
The parameter l defines the location within the transect normalised by Ls, where 0 and 1 refer 
to the Fair Head and Rue Point locations.  The plot shows that the highest speeds (2.5 m/s) 
are achieved near Fair Head and Rue Point during flood (e.g. 0.1-0.6 t/T) and ebb (e.g. 0.6-
1.1 t/T) tides respectively.  The predicted maximum speed values at mid-transect are 
relatively uniform, with higher speeds at flood that at ebb tide. 
 
Figure 6.22. Flow speed time series across east transect of Rathlin Sound during three M2 cycles. 
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6.3.2 Power extraction at the Rathlin Sound 
Based on the analysis of Rathlin Sound in its natural state (Section 6.3.1), power extraction 
is now located at a cross-section east of Rathlin Sound highlighted in Figure 6.21.  The area 
of power extraction, herein referred as the tidal farm, is defined as a rectangle of length Lf = 
100 m and width Bf = 4,020 m.  The tidal farm is implemented in a regular grid of 80 
isosceles triangles (Figure 6.23) inserted in Mesh 3 (Figure 6.15). 
 
Figure 6.23. Spatial discretisation of Rathlin Island and Sound with a triangular regular grid both in 
the strait and offshore east of the Sound. 
Power extraction level in the tidal farm is characterised by a parameter kf (see Section 4.9).  
Figure 6.24 shows three tidal period-averaged results: undisturbed kinetic power , 
defined as the kinetic power in the strait with no power extraction; power naturally 
dissipated at the seabed in the strait in the absence of power extraction ; kinetic power in 
the strait  with the tidal farm present; and power extracted from the flow by the tidal farm 
, which as explained in Section 5.3.1 represents an upper limit to power extraction in the 
strait.  The maximum power extracted in the strait is computed to be = 298 MW.  No 
clear relationship is found between the maximum extracted power and either the undisturbed 
kinetic power or the power dissipated naturally at the seabed by friction.  However, it is 
interesting to note that < <  as for the non-uniform seabed and no-slip island-
landmass scenarios analysed in Section 5.3.1.  Rates of decrease in  are similar to those 
observed in the non-uniform seabed scenario.  Analysis of the ratio of the power extracted  
to the undisturbed kinetic power , , shows that for the Rathlin Sound = 0.79 which is 
quite close to = 0.74 obtained for the non-uniform seabed island-landmass scenario.  
However, analysis of a case where the water depth offshore is greater than in the strait 
(Section 5.3.1.3) showed a negative correlation with the power extracted in the strait, with 
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= 0.58 when the depth was increased from h in the strait to 4h offshore.  In Rathlin 
Sound, the water depth offshore is around three times the depth in the strait. So the ratio 
= 0.79 reached in the Rathlin Sound already incorporates the offshore depth effects, and 
so the ratio  for Rathlin Sound differs from the island-landmass predictions. 
 
Figure 6.24. Power profiles as functions of kf in Rathlin Sound: extracted power for tidal farm located 
in the strait (solid line); kinetic power for the strait with the tidal farm present (dash-dot line); kinetic 
power for undisturbed conditions in the strait (dotted line); and power dissipated naturally at the 
seabed in the strait (dashed line).  Markers indicate discrete points computed using the numerical 
model. 
The difference in water depth between the strait and offshore side of the island implies that 
the offshore path exerts lower resistance on the flow than the path through the strait, thus 
affecting volumetric flow rate trends.  The changes in the volumetric flow rate with power 
extraction are assessed at two sections: at the strait cross-section where power extraction is 
implemented, and at a section of equal length spanning offshore of the east side of the island 
(Figure 6.23).  Figure 6.25 shows the volumetric flow rate in the strait  and offshore 
normalised by the volumetric flow rate in the absence of power extraction .  When the 
difference in water depth between the strait and offshore sides of the island is accounted for, 
the trends observed in the volumetric flow rate at both sides of the island agree with those 
observed in the non-uniform seabed island-landmass scenario. 
Figure 6.26 plots the power extracted in the strait  against the volumetric flow rate across 
the strait.  The results indicate that the peak in  may be reached for values of flow 


















reduction slightly higher than 57.7 % of the flow in the absence of power extraction derived 
by GC2005 and Bryden and Couch [43] for a channel linking two infinite ocean basins. 
 
Figure 6.25. Changes in the ratio of actual to undisturbed volumetric flow rate across the tidal farm 
(solid line) and through a cross-section of identical length at the offshore side of the island (dashed 
line).  Markers indicate discrete points computed using the numerical model. 
 
Figure 6.26. Power extracted against changes in normalised volumetric flow rate in the Rathlin Sound.  
Markers indicate output data from the numerical model. Vertical blue dashed line indicates a 
volumetric flow rate in the strait equal to 57.7% of the undisturbed conditions. 






























Changes in the head driving the flow through the strait are assessed at the east (55.25N / 
6.16W) and west (55.25N / 6.31W) (Figure 6.21).  Figure 6.27 plots the head driving the 
flow in Rathlin Sound with no power extraction, low extraction kf = 0.11 and high extraction 
kf = 1.78.  In the natural state, the peak in the driving head at ebb is higher than at flood.  
During the ebb tide the head drop almost doubles during an hour, most likely induced by the 
large eddy detaching from Rathlin Island west of Rue Point (Figure 6.18d).  With the 
addition of power extraction east of the strait, the head driving the flow at flood tide 
increases as observed in the no-slip island-landmass scenario in Section 5.3.1.  During the 
ebb tide, the presence of power extraction produces an increase in head during most of the 
ebb tide while attenuating the temporary increase observed in the natural state. 
 
Figure 6.27. Flow-driving head between west and east of Rathlin Sound: no power extraction (solid 
line); low extraction kf = 0.11 (dotted line); and high extraction kf  = 1.78 (dashed line). 
Figure 6.27 indicates that the choice of location for analysis can affect the head amplitude 
estimates.  This problem is mitigated by computing the head driving the flow based on the 
average strait cross-section free surface elevations east and west of Rathlin Sound (Figure 
6.28).  It can be seen that after the averaging process there is no longer a temporary increase 
in the head during ebb tide.  By using an amplitude of the head driving the flow in 
undisturbed conditions of 0.22 m (Figure 6.28), it is possible to approximate the potential of 
the Rathlin Sound using the GC2005 channel model (Section 4.9.2).  Based on γ = 0.22, the 
average power extracted is 162 MW, which is 46 % lower than the numerical predictions.  
Using γ = 0.2 based on the phase lag between head drop and volumetric flow rate peaks, the 
















analytical results are 51 % lower than the numerical predictions.  These figures are of the 
same order as those obtained for the island-landmass no-slip scenario in Section 5.3.1. 
 
Figure 6.28. Flow-driving head between west and east of Rathlin Sound based on the cross-section 
averaged values of free surface. 
During the pre-feasibility stage of a tidal project, data available for the site may be limited.  
In the case of Rathlin Sound, if free surface datasets are only available at the locations shown 
in Figure 6.21, the head amplitude may be taken equal to 0.38 m provided the temporary 
increase during ebb tide is accounted for (Figure 6.27).  Based on this amplitude and 
assuming γ = 0.22, the GC2005 model underpredicts the maximum extracted power by only 
5.4 %.  However, as shown in Figure 6.28, the results vary depending on where data are 
available.  This highlights the difficulty of applying analytical models to real coastal sites of 
complicated seabed topography where data available are scarce. 
As highlighted in Section 5.3.1, environmental regulations may set limits to power extraction 
to limit the effects on local flow speeds and tidal ranges.  Figure 6.29 compares contour plots 
of mean flow speeds (during three M2 tidal cycles) at the site in undisturbed conditions 
against those at maximum power extraction in the strait.  A substantial reduction in mean 
speed is observed in the strait, especially in the east, and along the coast of Northern Ireland 
south-east of the sound.  The flow jet advecting south-east from Rathlin Sound during flood 
tide is diminished by the power extracted in the strait.  This speed reduction is very 
significant near the mouth of the sound and appears to recover partly further downstream at 
Torr Head due to mixing with the surrounding flow field.  From observations, it appears that 

















there is a slight increase in flow speed north of the island due to the increase in volumetric 
flow rates. 
 
Figure 6.29. Contour plots of the three-tidal-cycle mean flow speeds: (a) no power extraction; and (b) 
extraction for kf = 1.78. 
To provide better understanding of changes to the site flow dynamics due to power 
extraction, Figure 6.30 presents the vorticity contour plots at peak flood and ebb tides with 
no extraction and maximum power extracted in the strait.  At flood tide, there is an obvious 
reduction in the magnitude of the flow features advecting south-east of the sound in 
agreement with Figure 6.29.  This reduction is less important further south-east of the site.  
During ebb tide, power extraction appears to diminish the eddy shedding from Rue Point and 
Fair Head.  In addition, there appear to be flow changes north of the island which may be 
explained by the increase in local flow velocity. 
Figure 6.31 shows the effect of power extraction from Rathlin Sound on sea surface 
elevation time histories at ADCP 3, Portrush and Bangor.  As expected, ADCP 3 experiences 
the biggest change in the free surface time history, with a mean difference in the sea-surface 
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elevation during the three tidal cycles of about 10 %; at Portrush and Bangor the mean 
differences are found to be less than 1 %. 
 
Figure 6.30. Vorticity contour plots with (a) no extraction and (b) kf = 1.78 at peak flood (left) and ebb 
(right) tides. 
 
Figure 6.31. Time series of free surface elevation at locations ADCP 3 (black), Portrush (red) and 
Bangor (green) for the cases with no power extraction (solid) and maximum power extracted at kf = 
1.78 (dashed). 














6.3.3 Frictional environment 
In the numerical model calibration presented in Section 6.2.5, the accuracy of the velocity 
predictions was measured by means of the coefficient of determination (see Table 6.8 and 
Table 6.9).  The results indicated that for the three locations assessed, an increased seabed 
friction coefficient (within the range of values considered) improved the coefficient of 
determination of the stream-wise and transverse velocity components.  If no further analysis 
had been performed on the data (e.g. harmonic analysis), the value of seabed friction 
coefficient Cd = 0.005 may have been chosen to approximate the flow dynamics at the site.  
Choice of seabed friction coefficient affects power extraction estimates, as discussed by 
Adcock et al. [51] in their analysis of the Pentland Firth.  Adcock et al. found that when Cd 
was increased from 0.0025 to 0.005 there was a 29 % and 15 % reduction in the available 
power for a single row of low blockage turbines and four rows of highly blocked turbines 
respectively.  Noting this, the present section analyses the sensitivity of power extraction in 
the Rathlin Sound to the choice of seabed friction coefficient. 
Figure 6.32 presents the mean flow speed contour plots (during three M2 tidal cycles) 
obtained with Cd = 0.0025 and 0.005 in undisturbed conditions.  The increase in seabed 
friction coefficient leads to a reduction in the averaged speeds at the site but it does not 





Figure 6.32. Contour plots of the three-tidal-cycle mean flow speeds in undisturbed conditions for (a) 
Cd = 0.0025 and (b) Cd = 0.005. 
Figure 6.33 plots three-tidal-cycle averaged results of ,  ,  and  for the two assessed 
seabed friction coefficients.  As a result of increasing the seabed friction coefficient, the 
undisturbed kinetic power in the strait is reduced by 34 %, while there is a 12 % increase in 
the power naturally dissipated in the strait by the seabed.  The increase of seabed friction 
coefficient yields a 15 % decrease in the maximum power extracted by the farm in the strait, 
although both peaks in power extraction are achieved at the same level of power extraction 
kf.  It appears that in this case the maximum power extracted in the strait is well 
approximated by the undisturbed kinetic power.  For high levels of power extraction, both 




Figure 6.33. Power profiles as functions of kf in the Rathlin Sound: Cd = 0.0025 (black) and Cd = 
0.005 (red). Extracted power for tidal farm located in the strait (solid line); kinetic power for the strait 
with the tidal farm present (dash-dot line); kinetic power for undisturbed conditions in the strait 
(dotted line); and power dissipated naturally at the seabed in the strait (dashed line). 
From Figure 6.33, it can be concluded that the choice of seabed friction coefficient as input 
to the numerical model affects power extraction estimates; in this case doubling the seabed 
friction coefficient has reduced power extraction by 15 %.  In the island-landmass study, a 
reduction in 20 % was found when doubling the seabed friction coefficient.  These results 
are in accordance with the previously mentioned findings of Adcock et al. [51] for the 
Pentland Firth.  Likewise, the island-landmass study showed that when the seabed friction 
coefficient was halved, there was an increase of 8 % in the maximum power extracted from 
the strait.  These results highlight the uncertainty involved in the numerical predictions 
associated with the choice of seabed friction coefficient and the use of seabed friction 
dependent parameters (undisturbed kinetic power and power dissipated naturally at the 
seabed) to assess the potential of a strait. 
6.3.4 Location of power extraction in the strait 
This section explores the sensitivity of the maximum power extracted to the location of 
power extraction within the strait.  Figure 6.20 showed that lower power densities are 
obtained at the west limit of the Rathlin Sound than at the east of the strait.  The tidal farm is 
implemented in a regular grid filling the entire cross-section west of the strait (Figure 6.34), 
with dimensions Lf = 100 m and Bf = 6,860 m, and inserted in Mesh 3 (Figure 6.15). 



















Figure 6.34. Spatial discretisation of Rathlin Island and Rathlin Sound with a triangular regular grid 
both in the strait and offshore west of the Sound. 
Figure 6.35 plots three-tidal-cycle averaged values of ,  ,  and  as functions of kf 
obtained to the west and east of the strait.  There is a 15 % reduction in maximum power 
extracted when turbines are inserted west of the strait.  The predicted value of maximum 
power extracted is higher than the undisturbed kinetic power west of the strait.  This 
highlights the uncertainty associated with the use of this parameter to assess the potential of 
a strait of variable breadth and hence non-uniform undisturbed kinetic power distributions.  
Due to the lower velocity distribution achieved west of the strait, maximum power extracted 
is achieved at a higher extraction level than at the east of the strait.  In order to extract the 
same amount of power, turbines installed west of the strait will require larger rotors to 
produce higher drag, compared to turbines installed east of the strait.  The analysis of the 
island-landmass free-slip scenario in Section 5.3.1.4 concluded that when the strait is 
completely blocked by the array, the maximum power extracted is independent of the 
footprint area over which the tidal array is implemented, from which it might be conjectured 
that perhaps maximum power extraction is not influenced by the location of the array within 
the strait.  However, Figure 6.35 shows that the position of the array in the Rathlin Sound 
does influence the maximum extracted power estimates.  This apparent anomaly may be 
explained by the complex flow dynamics of the Rathlin Sound, with a large eddy shedding 




Figure 6.35. Power profiles as functions of kf in the Rathlin Sound: extraction east (black) and west 
(red) of Rathlin Sound. Extracted power for tidal farm located in the strait (solid line); kinetic power 
for the strait with the tidal farm present (dash-dot line); kinetic power for undisturbed conditions in 
the strait (dotted line); and power dissipated naturally at the seabed in the strait (dashed line). 
Figure 6.36 plots the changes in volumetric flow rates in the strait and offshore when power 
extraction is implemented west and east of the strait.  The volumetric flow rate offshore west 
of the strait is measured at a cross-section of similar breadth than the west strait cross-section 
(Figure 6.34).  Similar flow rates are achieved in the strait and offshore in both cases when 
maximum power is extracted in the strait.  Below a certain limit, further reductions in 
volumetric flow through the strait appear not to produce increases in volumetric flow 
offshore of the island. 
Figure 6.37 shows the flow speed contour plots (averaged over three M2 tidal cycles) for the 
value of kf which yields maximum power extracted at the east and west of the strait 
respectively.  Similar velocity distributions are achieved in the far-field in both cases, with 
slightly higher velocities achieved south-east of the strait when power is extracted west of 
the strait.  This may be explained by the increase of the distance to the array allowing further 
flow recovery. 
 



















Figure 6.36. Variation in ratio of disturbed to undisturbed volumetric flow rate as function of power 
extraction kf when power extraction is implemented east (black) and west (red) of Rathlin Sound.  
Volumetric flow rate across the farm in the strait (solid line) and through a cross-section of similar 
length at the offshore side of the Rathlin Island (dashed line). 
 
Figure 6.37. Contour plots of the three-tidal-cycle mean flow speeds when maximum power is 
extracted (a) east and (b) west of the strait. 
















6.3.5 Strait blockage 
Sections 6.3.2 to 6.3.4 assessed the maximum power extracted in Rathlin Sound for an array 
that blocked the entire strait cross-section. In practice however, power extraction will not be 
implemented in certain parts of the strait due to technical and environmental constraints.  
This section investigates the influence of partial strait blockage on power extraction 
estimates for the array located east of the Rathlin strait in Section 6.3.2.  Here, the array 
width is shortened equally from both ends, to 80 % and 60 % of the original width.  Figure 
6.38 plots the three tidal period-averaged results of , ,  and  obtained for the 
different array-blockage ratios against the equivalent number of turbines (defined in Section 
5.3.1).  At blockage ratios of 80 % and 60 % the maximum power extracted from Rathlin 
Sound decreases by 14 % and 36 %, compared to the fully blocked case.  In the non-uniform 
seabed island-landmass scenario 80 % and 60 % blockage ratios lead to reductions in power 
extracted of 0.4% and 30%.  Agreement between the Rathlin Sound and idealised cases is 
satisfactory for 60 % array blockage ratio.  Discrepancies for 80 % blockage ratio arise from 
the island-landmass bathymetry, which increases resistance and restricts the bypass flow.  
The three blockage ratios yield similar power extraction estimates for a low number of 
turbines ( ≤ 200), but the estimates diverge when the turbine density is increased and 
flow through the farm reduces at low blockage ratios.  This accords with results from the 
idealised island-landmass and Nishino and Willden [153] discussed in Section 5.3.1.5.  The 
reduction of kinetic power in the strait is smaller as array to strait ratio is reduced, because 




Figure 6.38. Power profiles as functions of number of turbines NT in Rathlin Sound for three blockage 
ratios: 100 % (black); 80 % (red); and 60 % (green).  Extracted power for tidal farm located in the 
strait (solid line); kinetic power for the strait with the tidal farm present (dash-dot line); kinetic power 
for undisturbed conditions in the strait (dotted line); and power dissipated naturally at the seabed in 
the strait (dashed line). 
Figure 6.39 plots the volumetric flow rate ratios through the strait, offshore, through the 
array and through the strait bypass sections for the different array blockage ratios.  Farm and 
strait bypass volumetric flow rates are normalised by the undisturbed volumetric flow rate 
through the strait.  Volumetric flow rate through the strait is less affected by power 
extraction as blockage ratio is reduced.  Similar rates of change in volumetric flow through 
the farm are observed for the 80 % and 60 % blockage ratios.  A higher rate of change in the 
strait bypass section volumetric flow rate is observed for the 60 % blockage ratio than for the 
80 %, leading to higher volumetric flow rates through the strait for equal numbers of turbines 
in the array.  When maximum power is extracted from the strait, an increase in strait 
blockage yields an increase in offshore volumetric flow rates. 


















Figure 6.39. Variation in ratio of disturbed to undisturbed volumetric flow rates in Rathlin Sound as a 
function of number of turbines for three extraction blockage ratios: 100 % (black); 80 % (red); and 60 
% (green).  Volumetric flow rate across the strait (solid line); through the farm in the strait (dotted 
line); bypassing the farm at the strait (dash-dot line); and through a cross-section of almost identical 
length as the strait at the offshore side of the island (dashed line). 
Figure 6.40 presents contour plots of mean flow speeds (during three tidal cycles) at 
maximum power extracted from the strait for three blockage ratios.  For both the 80 % and 
60 % cases, there is a local increase in flow speed in the strait bypass sections where power 
extraction is not implemented.  The average increases of mean flow speed in the strait bypass 
sections over the three tidal cycles are 20 % and 14 % for the 80 % and 60 % blockage ratios 
respectively.  If the seabed is erodible, this increased change in the local flow speed might 
accelerate sediment erosion in the bypass zones whereas the reduction in mean flow speed at 
the centre of the strait might increase sediment deposition, thus altering the overall sediment 
transport processes and seabed morphodynamics during the project life. 
Changes in the site flow dynamics at maximum power extraction for the three blockage 
ratios can be discerned from the vorticity plots in Figure 6.41.  At flood tide, vortical 
structures are generated from the ends of the array, which then advect south-east off the 
strait, and increase in size as strait blockage is reduced.  At ebb tide, the magnitude of the 
eddy generated at Rue Point increases as strait blockage reduces.  Interestingly, it appears 
that the vortical structures generated from the north tip of the array merge with those 
generated at Rue Point.  As the mean flow speed increases at the south of the strait, the 
















strength of the vortical structures advecting west of the strait also increases.  No significant 
changes are observed in the far-field flow site dynamics. 
 
Figure 6.40. Contour plots of the three-tidal-cycle mean flow speeds at maximum power extraction for 




Figure 6.41. Vorticity contour plots at maximum power extraction for array to strait width ratios: (a) 
100 %; (b) 80 %; (c) 60 %; and (d) no extraction at peak flood (left) and ebb (right) tides. 
6.3.6 Power extraction offshore of the island 
Analysis of the natural state in Section 6.3.1 revealed that there is an area of high power 
density north-east of Rathlin Island (Figure 6.20).  The present section analyses the limits to 
power extraction offshore of Rathlin Island and extends the analysis to consider power 
extraction both in the strait and offshore.  Power extraction is now implemented north-east of 
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Rathlin Island (Figure 6.23) over a rectangular area extending north of the domain of 
dimensions Lf x Bf that are the same as those of the farm east of the strait considered in 
Section 6.3.2.  Figure 6.42 plots the three-tidal-cycle averaged values of ,  ,  and  
as functions of power extracted kf, obtained when power extraction is implemented 
separately in the strait and offshore of the island.  There is a 134 % increase in maximum 
power extracted offshore of the strait compared to the peak in power extraction attained at 
the east side of the strait.  Here, the peak in power extracted is reached at higher power 
extraction levels than for the strait.  Maximum power extracted offshore is approximately 13 
% lower than the undisturbed kinetic power offshore of the island. 
 
Figure 6.42. Power profiles as functions of power extracted kf for the Rathlin Sound site: extraction 
only at strait (black) and extraction only offshore of the island (red).  Extracted power for tidal farm 
(solid line); kinetic power with the tidal farm present (dash-dot line); kinetic power for undisturbed 
conditions (dotted line); and power dissipated naturally at the seabed (dashed line). 
Figure 6.43 compares changes in volumetric flow rate in the strait and offshore of the island 
when power is extracted separately at each side of the island.  There is an increase in 
volumetric flow rate through the strait as the power extracted increases offshore of the 
island.  Although the flow can divert further north from the offshore farm, the changes in the 
volumetric flow rates through the strait indicate that part of this flow diverts through the 
strait.  The figure shows that there is a higher volumetric flow ratio bypassing the island 
through the strait when power is extracted offshore than the equivalent offshore bypass flow 
when power is implemented in the strait.  This is directly linked to the water depths in the 
strait and offshore and absolute volumetric flow rates, and when the absolute difference in 


















volumetric flow rates is accounted for, the differences between both cases become relatively 
small. 
 
Figure 6.43. Variation in ratio of disturbed to undisturbed volumetric flow rate with power extraction 
for: extraction solely in the strait (black); and extraction solely offshore of the island (red).  
Volumetric flow rate across the tidal farm (solid line) and through a cross-section of identical length at 
the offshore side of the island (dashed line). 
Figure 6.44 compares the contour plots of the mean flow speeds (over three M2 tidal cycles) 
with no power extraction against those predicted when maximum power is extracted offshore 
of the island.  The increase observed in flow speed north of the tidal array corresponds to 
acceleration of the flow bypassing north of the array.  This increase in flow speed extends 
upstream and downstream of the array.  The flow speeds also increase in the strait, in 
accordance with the increasing volumetric flow rate (Figure 6.43). 
 


















Figure 6.44. Contour plots of the three-tidal-cycle mean flow speeds: (a) no extraction; and (b) power 
extraction at kf = 7.16 offshore of the island.   
Figure 6.45 compares vorticity contour plots in the natural state against those obtained at 
maximum power extracted offshore at peak ebb and flood tides.  The flow dynamics offshore 
of the island are completely changed because of the presence of the array.  Eddies that would 
otherwise have grown and shed from the north-east end of the island at ebb and flood tides 
are now unable to form due to the flow reduction induced by power extraction offshore of 
the island.  Vortical structures can be discerned advecting from the north end of the offshore 
array.  No significant change occurs to the main strait flow dynamics at either tide for 
maximum power extracted offshore. 
Table 6.10 indicates the benefits of combined power extraction in the strait and offshore of 
the island.  Seven power extraction scenarios are considered: in Scenarios 1 and 2, power is 
extracted solely from the strait; in Scenarios 3 and 4 power is extracted solely offshore of the 
island; and in Scenarios 5 to 7 power is extracted from the strait and offshore of Rathlin 
Island.  Table 6.10 lists the equivalent number of turbines NT, farm average power generated 
, and capacity factor CF based on the turbine description given in Section 5.3.1, the 
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average velocity ∗, and kinetic power ∗ deficit for each scenario.  The results confirm that 
combined power extraction yields higher power production rates compared to a case where 
the same number of turbines are installed solely on one side of the island.  However, 
compared to the trends observed in the island-landmass study in Section 5.3.1.7, the increase 
in yield is relatively small.  These results confirm that combined power extraction can 
enhance the total power production of a tidal development, but highlights the need for a 
detailed assessment of multiple options in order to maximise power output from the site.  
One way to carry out this optimisation process is through the iterative method based on the 
adjoint method proposed by Funke et al. [101]. 
 
Figure 6.45. Vorticity contour plots with (a) no extraction and (b) kf = 7.16 offshore of the island at 









Scenario Island Side NT  [MW] CF [%] ∗ [%] ∗ [%] 
1 
S 160 27.9 17.5 -9.4 -18.6 
O 0 n.a. n.a. +0.4 +2.1 
2 
S 320 46.1 14.4 -14.9 -30.5 
O 0 n.a. n.a. +0.7 +3.2 
3 
S 0 n.a. n.a. +1.7 +2.8 
O 160 23.9 14.9 -5.2 -7.5 
4 
S 0 n.a. n.a. +2.9 +4.4 
O 320 43.2 13.5 -7.6 -13.4 
5 
S 80 15.7 19.6 -5.8 -10.4 
O 80 12.7 15.8 -2.7 -3.2 
6 
S 160 28.7 18 -8 -16.5 
O 160 24.1 15.1 -4.7 -6.1 
7 
S 320 47.8 14.9 -13.2 -28.3 
O 320 44 13.8 -7.1 -10.4 
Table 6.10. Values of the (three-tide) period-averaged array power generated, tidal farm capacity 
factor, percentage decrease in mean strait velocity and percentage decrease in mean kinetic power 
according to equivalent numbers of turbines in the strait (S) and offshore side (O) of the Rathlin 
island. 
6.4. Summary 
This chapter has assessed the maximum power extracted in the Rathlin Sound and compared 
results with those obtained from the analysis of the island-landmass idealisation considered 
in Chapter 5.   The mesh convergence tests showed that the flow velocities converged for 
flood and ebb tides at both ends of the Rathlin Sound using Mesh 3, while further refinement 
would be required upstream and downstream to capture the wake behind the Rathlin Island.  
Numerical model calibration was carried out by modifying the domain seabed friction 
coefficient.  The numerical solution was found to approximate best observed free surface 




The numerical domain was analysed solely with an M2 tide forced at the boundaries of the 
system.  Averaged and maximum flow speeds of 2 and 3.5 m/s were achieved in the vicinity 
of Rathlin Sound for undisturbed tidal flows.  Higher kinetic power densities were predicted 
east of the Rathlin Sound where analysis of the transect speeds showed that higher speeds 
were achieved near Fair Head and Rue Point during flood and ebb tides respectively.  Power 
extraction at the east section of the Rathlin Sound showed no clear relationship between 
maximum power extracted and either the undisturbed kinetic power or the power dissipated 
naturally at the seabed.  Similar values of ratio of power extracted to undisturbed kinetic 
power were obtained for the non-uniform seabed and equal depth island-landmass scenarios.  
However, the value diverged when water depth changes between strait and offshore were 
considered in the island-landmass case.  Trends observed in the ratios of volumetric flow 
through the strait and offshore of the island were similar to those observed for the non-
uniform seabed island-landmass scenario.  Analysis of the head drop along the strait for 
increasing power extraction in the strait highlighted significant sensitivity to location 
selected within the strait.  When the head drop along the strait was computed using transect-
averaged free surface elevations to reduce the effects of the island and coastline shape, the 
GC2005 model under-predicted the maximum power extraction in the strait by 51 %, in 
accordance with the figure obtained in the equivalent idealised island-landmass study 
discussed in Chapter 5.  The primary flow dynamics in Rathlin Sound were modified at 
maximum power extraction, leading to a substantial reduction in averaged flow speed in the 
strait and further south-east of the site.  At maximum power extraction, a 10 % mean 
difference in the sea surface elevation was predicted east of the site, whereas this was less 
than 1 % in the far-field. 
The sensitivity of the maximum power extracted in the Rathlin Sound to the choice of seabed 
friction coefficient was investigated for Cd = 0.0025 and 0.005.  Over the range of values 
considered, the increase in seabed friction coefficient reduced the maximum power extracted 
in the strait by 15 %, although peaks of power extracted were attained at the same levels of 
power extraction.  The percentage reduction in the maximum power extracted obtained by 
doubling the seabed friction coefficient was in accordance with the 20 % decrease found in 
the island-landmass study, highlighting the importance of the calibration process on the 
results. 
Further tests were conducted to analyse the sensitivity of power extraction to array location 
within the strait.   Maximum power extracted west of the strait was found to be 15 % lower 
than east of the strait.  The maximum power extracted was higher than the west cross-section 
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undisturbed kinetic power, highlighting the uncertainty associated with the use of this 
parameter to predict maximum power extracted at sites with variable cross-section widths.   
Maximum power extracted was achieved west of the strait at a higher power extraction level 
than east of the strait, implying that the slower currents would require turbines with bigger 
rotors to attain similar orders of power extraction than at cross-sections with faster flows.  
The disparity in the results disagreed with the conclusions from the island-landmass study, 
and might be explained by the specific flow dynamics generated from the island, with a large 
eddy shedding west from Rue Point and reaching the array during ebb tide. 
Sensitivity of the maximum power extracted in the strait to the blockage ratio was assessed 
for three cases: 100 %, 80 % and 60 %.  A reduction in the maximum power extracted of 14 
% and 36% was found for the blockage ratios 80 % and 60 % compared to the 100 % case.  
The decrease obtained for the 60 % blockage ratio accorded with that obtained in the island-
landmass study.  The results from the 80 % blockage ratio differed from the island-landmass 
analysis, possibly due to the rapid reduction in water depth in the strait bypass sections in the 
island-landmass study.  Similar changes in volumetric flow rates through the array were 
observed in the 80 % and 60 % blockage cases.  At maximum power extracted, 20 % and 
14% increase occurred in the average flow speed at the bypass strait sections for the 80 % 
and 60 % blockage ratios, which could increase seabed erosion in strait bypass sections. 
Power extraction offshore of the island was investigated by inserting an array north-east of 
the island where high undisturbed kinetic power densities has been identified.  Maximum 
power extracted offshore was 134 % higher than maximum power extracted east of the strait.  
The increase in volumetric flow rate through the strait was very similar to that offshore of 
the island, when power was extracted from the strait.  At maximum power extracted, changes 
occurred to the flow dynamics offshore of the island while the hydrodynamics of the strait 
were not significantly altered.  It was found that turbine arrays in both the strait and offshore 
of the island yielded higher power generation rates than sole extraction either from the strait 
or offshore of the island (for equivalent turbines).  However, the increase in yield was 
smaller to that obtained in the island-landmass study. 
The analysis was limited to an M2 tide in order to facilitate comparison with results from the 
idealised island-landmass study (in Chapter 5).   To obtain a more accurate estimate of the 
maximum extracted power and temporal variation in the Rathlin Sound, the addition of the 
S2 and higher harmonic constituent tidal components is required.  Draper et al. [12] found 
that maximum averaged power extracted in the Pentland Firth increases from 3.75 GW with 
solely an M2 tide to 4.19 GW with an M2 and S2 tide.  However, it is likely that the main 
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conclusions derived from the M2 analysis will be also hold when S2 and higher tidal 
components are added. 
Although it is difficult to approximate a real coastal problem by an idealised one, the study 
of the Rathlin Sound has proved useful in confirming several outcomes of the idealised site 
study in Chapter 5.  Moreover, the results have also confirmed that the use of certain 
parameters available to developers at the pre-feasibility stages of a project, such as 
undisturbed kinetic power or head along the strait driving the flow, may not be accurate 




7. Conclusions  
7.1. Introduction 
This thesis has characterised the tidal resource at coastal sites defined as an island in the 
vicinity of a landmass.  A finite element method numerical code called Fluidity was used to 
solve the shallow water equations, and its appropriateness verified using standard benchmark 
tests before application to idealised and actual island-landmass coastal sites.  A distributed 
drag methodology was selected to represent power extraction from the flow by tidal turbines, 
as this provided an effective way to assess the limits to power extraction.  The methodology 
employed to perform a resource assessment at the coastal site was verified and validated.  
Resource of an idealised island-landmass was characterised by means of a sensitivity 
analysis to understand the effects of several geometrical and tidal parameters on the limits to 
power extraction.  Resource assessment was performed for Rathlin Sound, and the outcomes 
compared against those from the idealised island-landmass analysis.  This chapter 
summarises the main findings of the thesis and makes recommendations for further work. 
7.2. Verification and validation of resource assessment 
methodology 
 Fluidity was verified to account for local changes in flow depth against the analytical 
solution of steady flow over a submerged hump. 
 Fluidity was verified to model inviscid flow past a circular cylinder in the centre of a 
wide channel using the potential flow theory, and flow past a circular cylinder in the 
vicinity of a solid wall using the method of images. 
 Fluidity was validated to simulate flow past impulsively-started submerged circular 
cylinders at Reynolds numbers 40, 100 and 5,000 against experimental and numerical 
data.  Results showed that Fluidity correctly modelled the mechanisms of early stage 
wake formation behind circular cylinders. 
 Fluidity was validated to model flow past surface piercing circular cylinders in 
oscillatory laminar shallow flow against experimental data.  The formation of vortex-
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shedding wake was satisfactorily modelled with Fluidity solving the shallow water 
equations and the unsteady 3D Navier Stokes equations 
 The distributed drag power extraction methodology implemented in Fluidity was verified 
for bounded flows against two one-dimensional analytical models.  The verification of 
the power extraction methodology was extended to unbounded two-dimensional flows 
against analytical and numerical solutions. 
7.3. Tidal resource in strait between island and landmass 
 The analysis of an island in the vicinity of a landmass revealed no clear relationship 
between the maximum power extracted in the strait and the power dissipated naturally 
on the seabed or kinetic power in undisturbed conditions.  The only exception was found 
to be the geometrically long island extending along the coast where the power dissipated 
naturally on the seabed may be a good indicator of the maximum power extracted in the 
strait. 
 The GC2005 model underpredicts the maximum power extracted in the strait.  The 
discrepancies between numerical and analytical results are due to the latter not able to 
account for changes in the head driving the flow with power extraction in the strait and 
flow diversion offshore of the island.  These two factors appear to not be significant for 
the case with a geometrically long island, where the GC2005 model satisfactorily 
approximates the maximum power extracted. 
 Definition of boundary conditions at island and landmass affects the maximum power 
extracted figures, where free-slip and no-slip boundary conditions may provide lower 
and upper bounds to the maximum power extracted in the strait, whereas results from the 
non-uniform seabed scenario lie between the two. 
 An isolated island far from the coast presents a similar ratio of maximum power 
extracted to undisturbed kinetic power and changes in volumetric flow rates at the strait 
and offshore to those for the island in the vicinity of a landmass. 
 Maximum power extracted in the strait is sensitive to the definition of the frictional and 
viscous environment in the numerical model.  An inverse relationship is observed 
between bottom friction and power extracted in the strait.  Both friction and viscosity 
parameters are commonly used to calibrate numerical models, highlighting the 
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importance of the correctness of the calibration process in the results from the resource 
assessment. 
 Higher water depths offshore of the island than in the strait reduced the resistance to the 
flow offshore of the island, leading to an increase in bypass flow rates and a reduction in 
the maximum power extracted in the strait. 
 The choice of array area was found to not alter the resource estimates for arrays 
completely blocking the strait.  Results showed that a reduction in the strait blockage by 
the array decreases the maximum power extracted in the strait, unless bypass routes are 
relatively shallow in which case similar maximum power extracted rates are achieved. 
 Similar power generation was found for identical extraction levels either in the strait or 
offshore of the island.  Combined extraction at the strait and offshore of the island 
yielded higher power generation rates than for an equivalent extraction level only 
applied one side of the island.  Power generation may be optimised if island-landmass is 
considered as a two-flow path system. 
7.4. Tidal resource of the Rathlin Sound 
 Free surface elevation and flow velocity data in the vicinity of Rathlin Sound was better 
approximated in the numerical model with bed friction coefficient Cd = 0.0025. 
 The numerical model was forced with an M2 tide at the boundaries, leading to 
undisturbed averaged and maximum flow speeds of 2 and 3.5 m/s in the vicinity of 
Rathlin Sound.  Higher undisturbed kinetic power densities were observed east of 
Rathlin Sound. 
 Maximum power extracted east of Rathlin Sound was not well approximated by either 
the undisturbed kinetic power or power dissipated naturally at the seabed.  The ratio of 
power extracted to undisturbed kinetic power and volumetric flow rate trends were 
similar to those found in the non-uniform seabed and equal depth idealised island-
landmass scenario.  The GC2005 model underpredicted the maximum power extracted in 
Rathlin Sound at a similar rate as in the equivalent idealised island-landmass.  At 
maximum power extracted east of Rathlin Sound, there was a substantial flow reduction 
in the strait and further south-east of the site, and 10 % and 1 % mean differences in sea 
surface elevation east of the site and far-field respectively. 
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 A 15 % reduction in the maximum power extracted was observed when seabed friction 
coefficient was doubled from Cd = 0.0025 to 0.005; a similar decrease was found in the 
idealised island-landmass study. 
 A decrease of 15 % in maximum power extracted was observed when extraction was 
implemented west of Rathlin Sound than east of the strait.  Discrepancies in the results 
might be due to the specific flow dynamics caused by the presence of the island.  
Maximum power extracted west of the strait was higher than the west cross-section 
undisturbed kinetic power, underlining the uncertainty associated with the use of this 
parameter to assess the resource at this coastal site type. 
 Decreases in maximum power extracted of 14 % and 36 % were found when strait 
blockage by the array was reduced to 80 % and 60 % respectively.  The reduction 
observed in the 60 % blockage ratio agreed with the figure obtained in the island-
landmass study.  The disagreement found in the 80 % blockage ratio case may be 
explained by the rapid reduction in water depth in the strait bypass section set in the 
island-landmass study.  Increases of flow speeds in the strait bypass sections of 20 % and 
14 % were observed in the 80 % and 60 % blockage ratios. 
 Maximum power extracted east offshore of Rathlin Island was 134 % higher than the 
maximum power extracted east of the strait.  Power extraction offshore appeared not to 
alter significantly the main flow dynamics of the strait.  Combined power extraction in 
strait and offshore of the island yielded higher power generation rates than equivalent 
extraction only applied at strait or offshore of the island, although this increase was 
smaller to that obtained in the island-landmass study. 
7.5. The benefits of this thesis to the tidal industry 
 The idealised study of the island-landmass provided certain useful conclusions 
specifically related to the limits to tidal power extraction at this coastal site.  The study 
investigated the limits to power extraction and consequent effects on the environment. 
 The sensitivity analysis showed the effect of certain coastal site parameters on the limits 
to power extraction and environmental effects, and highlighted uncertainty in the 
resource estimates due to the choice of the numerical parameterisation. 
 The study also identified the limits of application of one-dimensional channel analytical 
models to the island-landmass coastal sites. 
208 
 
 The validity of several outcomes from the idealised island-landmass study were assessed 
through the study of Rathlin Sound; the results were in reasonable agreement with those 
from the idealised study, and sources of differences between both approaches were 
identified. 
 The work presented in this thesis has characterised the tidal resource of typical coastal 
site island-landmass scenarios, which will benefit tidal stream power developers to 
achieve more accurate realisations of the limits to power extraction and associated 
environmental changes, during the pre-feasibility stages. 
7.6. Further work 
 This thesis identified six possible island-tidal system configurations that could fall into 
the category of island-landmass coastal site.  Four different configurations have been 
studied and it is recommended that the analysis be extended in future to consider island 
configurations defined as two isolated offshore islands and an isolated offshore multi-
island system.  Analysis of both configurations would benefit from the development of 
an optimisation algorithm capable of maximising either power generation in the system 
or only at one of the flow paths. 
 The limitations of the methodology employed to account for power extraction were 
highlighted in Chapter 3 and it is acknowledged that the results provided here represent 
an upper limit to power extraction.  The use of a turbine representation that can account 
for blockage and mixing losses behind individual turbines and farm such as LMADT 
will increase the accuracy in the estimates of the limits to power extraction in island-
landmass coastal sites as well as reaffirming the conclusions derived from the island-
landmass study. 
 The effects on the power extraction limits from the parameterisation of turbulence were 
assessed in Chapter 5.  It is recommended to expand this analysis to include empirical 
turbulence model such as the k-ε or k-ω models presented in Chapter 3. 
 Resource characterisation of the island-landmass system has considered solely the 
effects of astronomical tides.  The inclusion of wave conditions in the analysis will 
increase the understanding of wave-current interaction and the implications in the power 
extraction rates from the island-landmass system. 
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 The changes in the transport of sediments in the island-landmass system were measured 
based on the changes of local flow velocities.  The implementation of a sediment 
transport model will increase the understanding of the natural sediment dynamics at the 
island-landmass system and the interaction with power extraction. 
 It has been shown that the electric circuit analogy theory has been applied to assess the 
tidal resource at idealised split channels and actual coastal sites of similar type.  
Application of the electric circuit analogy theory to the island-landmass configurations 
tested would increase confidence in the outcomes of this and related studies. 
 Resource assessment data from actual coastal sites available in the literature have been 
used, when available, to assess the validity of the outcomes from the idealised island-
landmass study.  Moreover, resource assessment of Rathlin Sound has assessed the 
validity of several outcomes from the idealised island-landmass study.  It is 
recommended to identify and model actual coastal sites to assess the validity of further 
outcomes from the idealised island-landmass coastal site. 
 The limitations of shallow water modelling were highlighted in Chapter 3 together with 
the benefits of three-dimensional modelling.  If computational resources are available, 
three dimensional numerical modelling of the idealised island-landmass and equivalent 
actual coastal sites will increase the accuracy of the limits to power extraction.  Use of 
computational resources can be optimised combining two and three-dimensional 
modelling (e.g. nested modelling). 
 This thesis has performed a rigorous verification and validation of the methodology 
employed to assess the resource at the island-landmass system.  However, the 
combination of complex topography, bathymetry and power extraction creates a 
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